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The quenching of mercury resonance radiation by hydrogen, deuterium, ammonia, deutero- 
ammonia, water vapor and heavy water vapor has been measured. It has been possible to 
correlate the differences in quenching efficiencies between the heavy and ordinary compounds 
with the changes in the vibrational level of the molecules which are brought about by the 
introduction of deuterium atoms. The quenching cross sections obtained fall on the general 


type of resonance curve. 





HE problem of the transfer of energy 

between colliding particles is of funda- 
mental importance in the physical chemistry of 
kinetics. The problem of quenching of resonance 
radiation by small amounts of foreign gases is a 
special case of the more general problem of 
energy transfer. In this case the transfer of 
energy is one in which energy of excitation may 
be transferred to the foreign gas molecule either 
as energy of excitation, or as vibrational energy, 
and the chemist has been interested in the reac- 
tions which molecules undergo subsequent to 
this transfer of energy. The discovery of the 
heavy isotope of hydrogen and the formation of 
compounds in which this isotope is substituted 
for ordinary hydrogen has given the chemist a 
means of studying the mechanism of a number 
of reactions in which hydrogen and its compounds 
take part. It was the purpose of this research 
to discover if possible whether the definite 
changes one could make by the substitution of 
deuterium for hydrogen would profoundly affect 
the nature and efficiency of processes involving 
an exchange of energy, and this special case of 
energy exchange was chosen as one affording 


the most direct method of attack. Further the 
author had previously carried out an investiga- 
tion of the rate of the photosensitized reaction 
between deuterium and oxygen, and for com- 
parison of these results with those obtained for 
hydrogen and oxygen, it was necessary to know 
whether there was a difference in the efficiency 
of hydrogen and deuterium in quenching mercury 
resonance radiation. 


EXPERIMENTAL PROCEDURE 


The experimental method employed was 
similar to that used by Zemansky! and by Bates,’ 
full experimental details being given in their 
publications. The source of mercury resonance 
radiation used to illuminate the resonance lamp 
was a Hanovia resonance arc; spectroscopic 
examination of the light from this source showed 
it to be very rich in the 2537 line. 

The intensities of the resonance radiation were 


1 Zemansky, Phys. Rev. 36, 919 (1930). 

Mitchell and Zemansky, Resonance Radiation and 
Excited Atoms, Macmillan Co., 1934. 

2 Bates, J. Am. Chem. Soc. 52, 3825 (1930); 54, 569 
(1932). 
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measured by means of a platinum photoelectric 
cell constructed in the manner described by 
Zemansky, and the photoelectric currents were 
measured by means of a sensitive Compton 
electrometer. 

The quenching Q is expressed as the intensity 
of resonance light emitted in the presence of a 
definite pressure of foreign gas divided by the 
intensity of emitted resonance radiation at zero 
foreign gas pressure 


Q= Tr.p. {En.wes. xX 100. 


Preparation of gases and vapors used 

Hydrogen was prepared by the electrolysis of 
caustic potash solution, the oxygen and hydrogen 
being evolved in separate compartments. The 
hydrogen so formed was passed over a drying 
train of phosphorus pentoxide and then over 
heated platinized asbestos to remove traces of 
oxygen. The gas was then passed through a 
U-tube packed with charcoal (activated in situ) 
and cooled in liquid air; finally the gas was 
further dried by passing over phosphorus pent- 
oxide and stored in a glass bulb from which it 
was admitted into the quenching apparatus. 

Deuterium was prepared in a similar way by 
the electrolysis of 100 percent heavy water, the 
purification train being, apart from the U-tube 
of active charcoal, of the same kind as that used 
for ordinary hydrogen. Ammonia was prepared 
by the action of caustic potash on synthetic 
ammonium chloride, the gas being dried first 
by solid caustic potash, and lime, and finally 
after repeated condensation and fractional dis- 
tillation the gas was condensed over phosphorus 
pentoxide which had been freshly distilled in a 
stream of oxygen in situ, and then was allowed 
to evaporate into an evacuated bulb in which 
the gas was stored. 

The deutero-ammonia was loaned by Professor 
Hugh S. Taylor and Dr. J. C. Jungers and had 
been prepared in the manner described by them.° 
The heavy water used contained 100 percent 
deuterium and had a density of 1.1059 at 20°C.‘ 
The electrical conductivity of the water was 
3X 10-6. 

Gas pressures were measured by means of a 
McLeod gauge and the water vapor pressures 


’ Taylor and Jungers, J. Am. Chem. Soc. 55, 5057 (1933). 
* Taylor and Selwood, J. Am. Chem. Soc. 56, 998 (1934). 
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were maintained constant by means of constant 
temperature baths. The data given by Lewis‘ 
for the vapor pressure of heavy water at various 
temperatures were used to calculate the pressures 
of heavy water vapor in the apparatus. 


EXPERIMENTAL RESULTS 


Zemansky,' employing Milne’s theory, has 
developed an expression for the intensity of 
scattered radiation emerging from unit area of 
the face of the absorption cell next to the photo- 
electric cell. The intensity is given by 


rl,=KG(kl, rZg), 


where K is the intensity of the collimated beam 
and G depends on only two quantities &/, where 
k is the absorption coefficient of the gas in cm" 
for the radiation in question, and / the thickness 
of the absorption cell; and on 7tZg where 7 is 
the mean life of the excited mercury atom in the 
’P, state and Zg is the number of collisions 
between gas molecules and 
mercury atoms which are effective in bringing 
about quenching. From a knowledge of k(v)/ it 
is possible to obtain a relationship between the 
quenching Q and the quantity 7Zg. Fig. 1 shows 
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graphically the relationship between Q and 7Z¢ 
which was used in these experiments. The 
results of the experimental work are tabulated 
in Table I and values of Q (the quenching) are 
plotted against p in Fig. 2. Table II gives the 


values of the quenching cross section o@ cal- 


5 Lewis and Macdonald, J. Am. Chem. Soc. 55, 3057 
(1933). 
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culated from the slopes of the lines obtained by 
plotting 7Zg against p and in the case of hy- 
drogen and ammonia good agreement is ob- 
tained with the values for these gases determined 
by Zemansky. Fig. 3 shows the relationship 7Z@ 
against p. The values for deutero-ammonia and 
for heavy water vapor fall well below the values 
obtained for the ordinary compounds. The 
compounds containing the deuterium being in 
both cases very much less efficient than the 
ordinary compounds in quenching mercury 
resonance radiation. The difference between the 
heavy and the light compounds is one which is 
not merely due to the difference in mass, and 
hence due to the total number of collisions, but, 
as is seen from the values of the cross sections of 
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Fic. 3. (1) Hydrogen and deuterium; (2) ammonia; (3) 
deutero-ammonia; (4) heavy water. 


quenching og”, where the difference in mass has 
been taken into account, this difference persists 
and is due to definite changes in the molecule 
brought about by the introduction of deuterium 
atoms. 

Deuterium itself on the other hand is within 
the experimental error of this work equally as 
efficient as hydrogen in quenching mercury 
resonance radiation. The values of the quenching 
obtained for hydrogen and deuterium at various 
pressures lie practically on the same curve; if a 
distinction could be made one would say that 
deuterium showed slightly better quenching than 
hydrogen. 

This result is in accordance with the author’s 
work on the rate of the photosensitized reaction 
between oxygen and hydrogen or deuterium, and 
further, some preliminary experiments of Taylor 
and Jungers have shown that hydrogen and 
deuterium have apparently the same effect in 
retarding the rate of photosensitized decomposi- 
tion of ammonia. Although both these gases 
give apparently the same 7Z@/p values because 
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Gas tZQ/p X10-* X10~-* volts volts 





0.04 
0.13 
0.22 
0.34 
0.98 


78.0 
75.1 
64.8 
56.5 
53.4 
45.0 
41.8 


0.31 
0.44 
0.72 
1.13 
1.49 
1.79 
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85.4 
78.1 
67.2 


77.0 
58.9 
37.0 
33.1 
21.1 


74.1 
57.0 
44.3 
35.2 
24.0 


0.16 
0.23 
0.43 
0.49 
0.58 
0.75 
0.80 


0.05 
0.12 
0.19 
0.31 
0.84 


4.46 
4.54 
0.202 


4.86 
4.86 
0.218 
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0.218 
0.218 


1.08 
1.08 
0.200 


6.01 
8.41 
2.94 
3.04 
1.09 
1.00 
0.46 


8.89 
8.89 
10.8 
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10.0 
10.0 


Hydrogen He 
Deuterium D2 
Ammonia NHs 


0.29 
0.197 
0.15 


Deutero-ammonia ND; 0.065 
Water vapor H,O0 0.064 
Heavy water vapor D0 0.038 
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of the difference in mass between hydrogen 
and deuterium the quenching cross section of 
deuterium is greater than that of hydrogen. 


THEORETICAL DISCUSSION 


The quantum-mechanical considerations® of 
the problem of the transfer of energy are too 
general in nature to be applicable quantitatively 
to any special cases involving relatively complex 
molecules. There are, however, broad generaliza- 
tions which emerge from the theoretical treat- 
ment. 

The efficiency of the process of transfer of 
energy depends upon the relative positions of the 
energy levels in the colliding particles, that is on 
the energy which the excited atom is able to 
give, and the energy which the colliding molecule 
is able to receive, either as energy of excitation 
or as vibrational energy. Any excess energy or 
deficiency of energy transferred must be adjusted 
by an adjustment of the kinetic energy of the 
particles before and after collision. So that the 
less energy which it is necessary to transfer into 
kinetic energy, the more efficient will be the 
transfer of energy. 

In the case of excited mercury it is possible 
that the quenching process may be one of two 
kinds. The mercury excited to the *P; state may 
by collision with a molecule be degraded to the 
1S) ground state, a process which would involve 
the transfer of 4.86 volts; or on the other hand 
the mercury may be ‘“‘quenched”’ to the meta- 
stable *Po state a change involving only 0.218 
volt. 

In the case of hydrogen it is very evident that 
the collision is one in which the whole of the 
energy of full excitation is transferred to the 
hydrogen, and during or subsequent to this 
collision the hydrogen is dissociated as a result 
of the transfer of energy. The dissociation of the 
hydrogen would involve 4.46 volts. There is, 
however, abundant spectroscopic evidence for 
the formation of mercury hydride HgH from 
hydrogen and mercury when photosensitized by 
the mercury resonance line. Beutler and Rabino- 


6 Kallman and London, Zeits. i. physik. Chemie B2, 207 
(1929). 
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witsch’ have found that in the HgH band, which 
appears when mercury and hydrogen are illu- 
minated with mercury resonance light, the high 
rotational states of HgH are very intense. This 
observation being in agreement with their 
theoretical conclusion that, if during a collision 
of the type A’+BC-(AB)'*t+C, A is an atom 
of large mass, AB will possess after the collision 
a large amount of rotational energy. Both the 
processes suggested for the quenching of excited 
mercury by hydrogen are energetically possible, 
and moreover, obey Wigner’s® rule for con- 
servation of total spin momentum during the 
process 


Hg(*P,) + H2(') > Hg("S:) +H@S)+H@S) 
1 0 0 4 1 
HP) +e -e (II) +H@S). 
2 2 


It was with the hope that any differences 
between the efficiencies of deuterium and 
ordinary hydrogen in quenching excited mercury 
would give an indication of the mechanism of the 
process, that the quenching of both hydrogen 
and deuterium was determined. The collision 
between an excited mercury atom and a hydrogen 
molecule and the transfer of excitation energy 
during this collision may raise the vibrational 
level of the hydrogen molecule to a level near or 
above the dissociation level, and in this region 
the vibrational levels of the hydrogen will be so 
close together that there will be no difficulty in 
finding a level which will give an exact cor- 
respondence in energy. In other words the 
transfer of 4.86 volts to the hydrogen will always 
raise the vibrational level into the continuum 
where the molecule will always have a vibra- 
tional level demanding the exact energy transfer. 
This, however, would necessitate that the excess 
energy over that required for dissociation would 
be accommodated as kinetic energy in the 
resultant particles and we have stated that the 
smaller the amount of energy it is necessary t0 
transfer into kinetic energy, the more efficient 
will be the process of energy transfer. Because 
of the smaller zero point energy of deuterium the 


7 Beutler and Rabinowitsch, Zeits. f. physik. Chemie BS, 
231, 403 (1930). 
8 Wigner, Nachr. Gétting. Ges. 375 (1927). 
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energy of dissociation of the deuterium molecule 
will be greater than for the hydrogen molecule, 
and hence, in the case of deuterium, there will 
be a closer correspondence between the energy 
transferred from the excited mercury atom, and 
the energy which the molecule can take up. 
Hence in the case of deuterium molecule we 
should expect on this basis a larger quenching 
cross section than in the case of hydrogen. 

If on the other hand the hydride or deuteride 
of mercury is formed during the process, then, in 
considering the energy change, not only will the 
zero point energy difference of the hydrogen and 
deuterium have to be taken into account, but also 
the zero point energy difference for mercury hy- 
dride and mercury deuteride in the II state. 
Such a mechanism will naturally diminish the 
difference between the energies of the two proc- 
esses with hydrogen and deuterium. Moreover, 
as has been shown by Rabinowitsch and Beutler 
the mercury hydride formed will be in a high 
rotational level and the corresponding compound 
with deuterium will possess a larger moment of 
inertia, since in the deuterium compound the 
center of gravity will not be greatly altered, 
because of the large mass of the mercury, while 
the mass of the revolving deuterium particle has 
been doubled. 

The other compounds which have been studied 
are generally supposed to bring about the transi- 
tion *P;—*P» in the excited mercury atom. This 
is a process which involves an energy change of 
0.218 volt and this amount of energy is taken 
up by the colliding molecule in the form of 
vibrational energy. That this process is not the 
only one which occurs is evident from the chem- 
ical reactions which occur when water vapor and 
ammonia are illuminated, in the presence of 
mercury vapor, by mercury resonance light, 
since the transfer of 0.218 volt is totally inad- 
equate to bring about such chemical decom- 
position. Several workers have, however, sup- 
posed that ammonia and water vapor along with 
carbon monoxide, nitrogen, carbon dioxide, 
methane and nitric oxide, are effective in 
Causing predominantly the transition of excited 
mercury from the *P to the metastable *P» state, 
and we shall for the purpose of this discussion 
adhere to this viewpoint. 

It became very evident from the theoretical 
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work of Morse and Stueckelberg® that the form 
of resonance curve obtained by plotting the 
quenching cross sections against the energy dif- 
ference between the levels of the colliding par- 
ticles, was dependent upon the nature of the 
interaction between the particles. The use of 
different potential fields between the colliding 
particles led to different forms of resonance 
curve. Furthermore, these workers found that 
the sharpness of the resonance curve is greater 
in large molecules, and undoubtedly, as pointed 
out by Bates when discussing the relative 
quenching cross sections of butane and heptane, 
the shape and steric configuration of the mole- 
cules probably play a large rdle in determining 
the efficiency of quenching. Having these con- 
siderations in mind a resonance curve made up 
of quenching cross sections of a variety of 
molecules can do little more than indicate that 
the general form of such a curve is obeyed, and 
a number of factors may very well enter in 
causing erratic variations from one molecule to 
another. 

In molecules in which ordinary hydrogen 
atoms can be replaced by deuterium atoms, we 
have a method of changing the vibrational 
levels and the mass of the molecule in a well- 
defined way, and it is probable that in so doing 
we are not bringing about very profound changes 
in the nature of the potential field which would 
affect the quenching cross sections so that we 
are able to vary the energy levels of the molecules 
in such a way as to give more significance to 
comparisons of quenching cross sections. 

Let us consider the changes in the vibrational 
energy levels of ammonia as we successively 
replace the hydrogen by deuterium. The vibra- 
tional levels of ammonia and the various deu- 
terium substituted ammonias are shown in 


Fig. 4 (a) and Table III. The dotted line in the 
TABLE III. 








V3 


V1 v2 cm! 





Ammonia 938 1631 3336 
Deutero-ammonia 770 1158 2421 


Water 1615 3670 3795 
Heavy water 1216 2670 2782 








® Morse and Stueckelberg, Ann. d. Physik [5] 9, 579 
(1931). 
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figure represents in comparable units, the energy 
given to the ammonia by the *P,;—-*P») mercury 
transition, namely 0.218 volt. In the case of 
ordinary ammonia the vibrational level at 1679 
is the one lying nearest to the energy of 0.218 
volt, and in quenching mercury to the metastable 
state it is probable that this level is responsible, 
and that after a successful quenching collision 
the ammonia molecule will have been raised to 
this vibrational state from the ground state. 

When a deuterium atom is substituted in 
ammonia each of the degenerate vibrational 
levels now breaks up into two non-degenerate 
levels, since the symmetry of the molecule has 
been destroyed. These new levels are not as yet 
known but it is possible to assess roughly their 
positions as in Fig. 4. The levels of the fully 
substituted deutero-ammonia have been deter- 
mined, and we observe that two vibrational levels 
one above (2400), and one below (1150), the 
energy of the mercury transition, are about 
equally probable transitions for the deutero- 
ammonia to undergo, but the new lower levels 
in all the substituted ammonias are progressively 
moving further away from the mercury energy 
as deuterium is substituted. It is not until 
completely substituted ammonia is reached that 
the higher vibrational level has moved down 
sufficiently to compete with the lower level as the 
energy change responsible in the quenching 
process. 

If we place the quenching cross sections 
measured for the ammonias at their corre- 
sponding energy levels on the resonance curve 
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as determined by the values of Zemansky and 
Bates, we notice that if in the case of deutero- 
ammonia the lower vibrational level (1150) was 
responsible for quenching, we should expect a 
very much lower quenching cross section (ap- 
proximately zero) than that actually measured 
(1.09 10-"*). If, however, the higher level 
(2400) is responsible for the quenching, we should 
expect, since the resonance curve is asymmetric, 
and since the molecules possess 3&7 as kinetic 
energy, a higher quenching cross section, in spite 
of the fact that the two levels, both upper and 
lower, are approximately equidistant from 0.218 
volt: Placing the quenching cross section of ND: 
at this higher level fits in with the general form 
of the curve obtained from a variety of molecules 
(Fig. 5). 

It is of interest to speculate on the probable 
quenching efficiencies of the mixed ammonias. 
Although the upper member of the origina 
second vibrational level will probably only move 
slightly away from the value of 0.218, it % 
probable that the quenching cross section of 
these compounds will lie nearer that of deutero 
ammonia than that of ammonia, since the 
statistical weight of this level has been reduced 
in these non-degenerate cases to a value of - 





and 
ero- 
was 
ct a 
(ap- 
ired 
evel 
yuld 
tric, 
etic 
pite 
and 
218 
ND; 
orm 


- 
‘uie> 


able 


RESONANCE 


from one of 4. It is difficult also to assess the 
importance of the overtones of the first funda- 
mental frequency. These may in certain cases lie 
very close to the energy of the *P,;—*P» mercury 
transition, but since the relative probabilities of 
transition to an overtone level as compared with 
that to a fundamental are unknown, and since 
their statistical weight is only 1 as compared with 
4, it may be that these factors may counter- 
balance the effect of closer resonance. 

Similar considerations will apply in the case of 
water vapor. Fig. 4 (b) shows the three funda- 
mental frequencies in the case of water in which 
the hydrogens have been successively replaced. 
In this case it is the lower vibrational level which 
is always responsible for the quenching process, 
the upper level never being depressed sufficiently 
to become effective. Reference to Fig. 5 will 
show that the quenching cross section of D,O 
lies very well on the resonance curve at its 
appropriate energy level. Fig. 4 (c) and (d) show 
diagrammatically the modes of vibration of 
ammonia and water corresponding to the dif- 
ferent energy levels, and since in the case of 
ordinary and heavy water the quenching process 
is concerned with the same frequency of the 
water molecule, the vibrations of this molecule 
after quenching will be of the same kind in both 
cases. Not so, however, in the case of the am- 
monias where deutero-ammonia after quenching 
is vibrating in a different way from ordinary 
ammonia under the same conditions. 

An examination of the possible energy changes 
involved in transitions between vibrational levels 
other than from the ground state reveals, that 
some of these changes lie very close to 0.218 
volt, and it would be of intérest, therefore, in 
this connection to study the quenching efficiency 
of such molecules at higher temperatures when a 
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larger number of molecules would be in vibra- 
tional levels other than the ground level, and 
when transitions involving resonance 
would be increasingly possible. 

It is impossible to decide from such experi- 
ments as these whether the quenching process in 
the case of ammonia is one involving a change to 
the metastable state of the mercury or whether 
the whole of the 4.86 volts of the excitation 
energy of mercury is taken up by the ammonia 
molecule. That some such process involving more 
energy than 0.218 volt is involved is shown by 
the photosensitized decomposition of ammonia. 
There is a singlet excited state of ammonia 
known at a level 5.75 volts above the ground 
level but because of the large difference in 
energy, and also because conservation of total 
spin momentum would not be obeyed, this may 
be a very improbable process. There may, how- 
ever, be a triplet state of ammonia between the 
ground state of ammonia and the excited singlet 
state, which may be responsible for quenching 
excited mercury to the ground state. The dif- 
ferences observed in the quenching efficiencies 
of ammonia and deutero-ammonia would then 
have to be attributed to the differences in 
excitation energy of the two molecules due to 
the differences in zero point energy in the ground 
and triplet states, and since the position of the 
triplet state is imperfectly known, it is impossible 
to assess the energy which:would be required in 
the two cases. 

The author is extremely grateful to Professor 
Hugh S. Taylor for the facilities afforded in these 
laboratories and also for the helpful interest 
which he has taken in this work, and to Dr. W. S. 
Benedict for many helpful discussions and for 
placing at the author’s disposal the results of his 
spectroscopic analysis of the deutero-ammonias. 
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Deuterium as an Indicator of Mechanism in the Photo-Decomposition of Ammonia 


HuGu S. TAYLor AND JosErH C. JuNGERs,' Frick Chemical Laboratory, Princeton University 


By studying the photolysis of ammonia-deuterium mixtures it has been experimentally 
demonstrated that the reaction NH2+H=NH,; is an important feature of the overall photo- 
decomposition and provides one reason for the low quantum yield observed in the photo- 
process. It has further been shown that the interaction of hydrogen atoms with ammonia 
molecules is a process of low efficiency at room temperatures. 





N all recent studies? of the photolysis of 
ammonia in ultraviolet light it has been 
assumed that the initial process on absorption of 
light is 
NH;+/v=NH2+H 


and that this is followed, among other processes 
which lead to nitrogen and hydrogen, by a back 
reaction NH2+H= NH; which may or may not 
be a three-body process. This reverse reaction is 
used to account for the low quantum yield (0.25 
or less at room temperatures) of a predissociation 
process which might have been expected to give 
a quantum yield of unity. Melville?» obtained 
strong evidence in support of this view by show- 
ing that the ammonia decomposition was mark- 
edly suppressed when atomic hydrogen, produced 
by means of excited mercury atoms, was simul- 
taneously present in the reaction system. 

By making use of deuterium in place of 
hydrogen in the experiment of Melville we have 
decisively demonstrated the marked existence of 
the reverse reaction. In a previous communica- 
tion* on the deutero-ammonias we have shown 
that they are readily distinguishable from am- 
monia by means of their ultraviolet absorption 
spectra, and that semi-quantitative estimates of 
their respective concentrations can be deduced 
from such spectra. Accordingly, we have illu- 
minated in a quartz reaction vessel suitable for 
the spectroscopic measurements,’ a mixture of 


1 C.R.B. Fellow in Princeton from Louvain University, 
1933-34. 

2(a) Wiig and Kistiakowsky, J. Am. Chem. Soc. 54, 
1806 (1932); (b) Melville, Trans. Faraday Soc. 28, 885 
(1932); (c) Ogg, Leighton and Bergstrom, J. Am. Chem. 
Soc. 56, 318 (1934). 

3 Jungers and Taylor, J. Chem. Phys. 2, 373 (1934). 


160 mm of ordinary ammonia and 600 mm of 
pure deuterium gas in the presence of a little 
mercury. As source of illumination we employed 
the Hanovia Sc-2537 quartz mercury vapor rare 
gas discharge tube already described.* Of this 
light source we know that there is light emitted 
of wave-length around 2100A, adequate to effect 
photochemical decomposition of ammonia. It is 
also a rich source of resonance radiation, 
A= 2536.7A. 

The gas pressures were so chosen as to give 
satisfactory absorption spectra of the ammonias 
and to ensure, due to the high concentration of 
deuterium, that the decomposition of ammonia 
would not be very rapid. From time to time, 
after intervals of illumination, the absorption 
spectra of the mixture were photographically 
recorded. There was revealed a_ progressive 
change in the absorption spectra from that of 
pure NH; to that of an equilibrium mixture of 
NH:2D, NHD, and ND3. After 48 hours illumi- 
nation we estimate that the ammonia present 
contained 70 percent of the hydrogen as the 
deuterium isotope. 

The possibility that these deutero-ammonias 
arose from interaction of atomic deuterium with 
molecular ammonia was tested by a second ex- 
periment in which the short wave-length light, 
instrumental in dissociating the ammonia, was 
reduced by surrounding the light source with a 
filter of 25 percent acetic acid solution 1.5 cm in 
thickness. The light source was so disposed as to 
give a somewhat larger intensity of resonance 
radiation than in the first experiment. Under 
these conditions we found a very much reduced 
production of the deutero-ammonias, about 10 
percent of the deuterium compounds being 
formed in 72 hours illumination. It is not possible 
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to say whether even this change did. not arise 
from photo-decomposition of the ammonia and 
the reverse reaction since the action of the light- 
filter is possibly not completely efficient and also 
the photosensitized decomposition of ammonia 
by excited mercury must have occurred to some 
extent even in the presence of such an excess of 
deuterium. The experiment, however, is decisive 
to this extent, that it indicates that any reactions 
such as NH3+D=NH.2D+H or NH;+D=NH:, 
+HD, followed by a reverse reaction, NH2+D 
=NH2D, are processes of low probability in 
comparison with the reverse process following 
photo-decomposition. This conclusion is a direct 
experimental check of the early observation of 
Bonhoeffer* that atomic hydrogen, produced in a 
Wood’s discharge tube, did not interact with 
ammonia molecules. 

Note added June 5, 1934. This last experiment 
is of importance also in view of the paper by 
L. Farkas and Harteck,® just issued, on the 
mechanism of photo-decomposition of ammonia 
as revealed by studies of the stationary hydrogen 
atom concentration in illuminated ammonia- 
hydrogen systems. They measured the atom con- 
centration by its influence on the para-hydrogen 
conversion and are led to the postulate of an 
equilibrium between hydrogen atoms and am- 
monia and an intermediate product, NH,y. They 
assume a kinetic equilibrium 


NH3;+H=NH,, 


‘Boehm and Bonhoeffer, Zeits. f. physik. Chemie 119, 
385, 474 (1926). 

* Farkas and Harteck, Zeits. f. physik. Chemie B25, 257 
(1934). 
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which is practically on the NH, side at room 
temperatures and on the NH;+H side at 300°C. 
They assume a binding energy of 10 kilocals. 
Our experiment with resonance radiation and 
deuterium indicates that the NH, cannot be a 
complex in which each of the four hydrogen 
atoms are equivalent, since if this were so the 
kinetic equilibrium should yield concentrations 
of deutero-ammonias equally as well as decom- 
position of ammonia. Our experiment indicates 
that the complex, if it exists, is rather of the 
nature NH;—D, with the atom bound by the 
polarization forces of the ammonia molecule and 
that it decomposes into NH; and D. Whether 
under these circumstances the Farkas-Harteck 
mechanism is anything other than a three-body 
recombination of H and NHz with NH; as the 
third body, coupled with an alternative decom- 
position process 


H+NH:+NH;=NH;+NH-+Nsz, 


the ratio of which recombinations and decom- 
positions are 3 : 1, to give the observed quantum 
yield of 0.25, is indeed problematical. The dif- 
ficulties which attend their proposal when it is 
applied to the definite results of Melville on the 
suppression of photolysis by increased concen- 
tration of hydrogen atoms, are inherent also in 
this latter interpretation. It is doubtful, there- 
fore, whether their proposals, even in the modi- 
fied form suggested by our experiment, are 
superior to those mentioned in our introductory 
paragraph. 

We are indebted to Dr. W. S. Benedict for his 
assistance in interpreting the spectrographic 
measurements. 





The Vapor Pressures and Derived Thermal Properties of Hydrogen and 
Deuterium’: *: * 


R. B. Scort, F. G. BRICKWEDDE, HAROLD C. Urey AND M. H. Wau L, National Bureau of Standards and 
Columbia University 
(Received June 15, 1934) 


(1) The vapor pressure equations of liquid and solid, 
normal deuterium were determined by comparison of the 
vapor pressure of deuterium with that of liquid, normal 
hydrogen between 13.9° and 20.40°K. The triple and 
boiling points of deuterium were found to be 18.58° and 
23.5°K, respectively. (2) The changes with time in the 
vapor pressures of liquid hydrogen and liquid deuterium 
at 20.4°K, resulting from ortho-para conversions, were 
investigated. The rate of change of the vapor pressure of 
liquid deuterium resulting from its natural, self-conversion 
was found to be less than 1/40th of the natural rate of 
conversion for liquid hydrogen. (3) From the vapor 
pressure equations of deuterium and an equation of state, 
its latent heats were deduced by the use of the Clausius- 
Clapeyron equation. Two equations of state for deuterium 
were used: (a) the empirically determined equation for 
hydrogen, and (b) an equation deduced from an equation 
of state of hydrogen of a form required by the Bose- 
Einstein statistics by including the effect of mass in such 


an equation. The first of these is believed to be the better 
approximation though the latter might be used with little 
change in results. The vapor pressure equation required 
by the third law of thermodynamics has been derived and 
by the use of the Debye theory values of the zero point 
energiesand Debye @’s are secured. These 0’s which are used 
to calculate the heat capacities of solid and liquid deuter- 
ium at constant pressure are calculated from the vapor 
pressure data. The difference between C, and C, is much 
greater for solid hydrogen than for solid deuterium 
indicating a larger coefficient of expansion in the case of 
hydrogen. This is to be expected because of the larger zero 
point energy of hydrogen. The heat capacity under 
saturation pressure of liquid deuterium is considerably less 
than that of hydrogen. A recalculation of the distillation 
data of Urey, Brickwedde and Murphy on the natural 
mixture of He and HD shows that they secured approxi- 
mately the enrichment to be expected from the theory 
and experimental conditions. 





INCE it was by the fractional distillation of 

liquid hydrogen that we first concentrated 
deuterium,’ we were naturally interested in 
determining the difference in the vapor pressures 
of the hydrogens responsible for the partial 
separation effected. Although in the initial stages 
of the separation one is concerned with the 
molecules HD and Hg, the investigation reported 
here has to do with the molecules Dz and Hs. 
The difference between the vapor pressures of 
these isotopic molecules was found experi- 
mentally to be much larger than we had calcu- 
lated* upon the basis of accepted theories of the 


1 Published with the approval of the Director of the 
National Bureau of Standards. 

2 The results contained in this paper were reported at 
the February and April, 1934 meetings of the American 
Physical Society in New York and Washington, respec- 
tively (Phys. Rev. 45, 565 and 762 (1934)), and at the 
symposium on deuterium during the meeting of the 
American Chemical Society in St. Petersburg, March, 
1934. The more theoretical aspects of the problem were 
presented by one of us as the Willard Gibbs Medal Award 
address in Chicago, April 28, 1934. 

3 Urey, Brickwedde and Murphy: A Hydrogen Isotope 
of Mass 2 and Its Concentration, Phys. Rev, 40, 1 (1932). 


vapor pressures of crystals. At the triple point 
of ordinary hydrogen (13.92°K), the calculated 
ratio of the vapor pressure of He to that of D» 
at the same temperature is 3.35, whereas now 
it is found experimentally to be 10.8. The zero 
point energies were deduced, however, from the 
heat capacity of hydrogen under the saturation 
pressure instead of from the heat capacity at 
constant volume, data on which are not avail- 
able. It appears that the difference between our 
previously calculated ratio of vapor pressures 
and that found here is due to larger zero point 
energies than those previously calculated. It 
appears further that the difference, C,—C,, is 
smaller for deuterium than for hydrogen, a 
situation which seems reasonable in view of the 
very large difference in the zero point energies 
of the solids, as will be shown later. 

The deuterium used in this experiment was 
prepared by the electrolysis of a sample of 
heavy water of high concentration. Calculations 
using the usual fractionation factors for such an 
electrolytic process showed that it should be 
approximately 99.9 percent deuterium. It is, of 
course, difficult to be certain that a small 
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hydrogen impurity did not get into this sample. 
However, this sample of deuterium has the 
lowest vapor pressure of any we have in- 
vestigated. 


DESCRIPTION OF THE APPARATUS 


Fig. 1 represents diagrammatically the ap- 
paratus used in making the vapor pressure 
measurements. The glass flask F which contained 
the sample of deuterium was connected with a 
capsule-shaped glass bulb, at the end of a 
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vacuum jacketed tube V2, in the inner Dewar 
flask of a liquid hydrogen cryostat. The vapor 
pressure of the solid or liquid deuterium con- 
densed in the capsule, when this inner Dewar 
flask was filled with liquid hydrogen, was meas- 
ured on an oil (m-butyl phthalate) lubricated 
mercury manometer, Mp. By means of a hand 
operated mercury pump P, the deuterium sample 
was pumped from the flask F and afterwards 
returned to it. 

Normal hydrogen, from a small cylinder C, 
was condensed in a glass capsule at the end of 
the tube V;, and its vapor pressure was measured 
on the manometer Mp. The hydrogen as it 
flowed from the cylinder contained air as an 
impurity, the molecular concentration of which 
Was not greater than 0.02 percent. Since the 
effect of solid oxygen on the vapor pressure of 
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Fic. 1. The cryostat. 


the liquid hydrogen had not been investigated, 
the hydrogen as it flowed from the cylinder was 
passed over hot copper at 600°C, and then 
through a liquid air trap. 

Temperatures were determined with a four 
lead, pure platinum, resistance thermometer, 7, 
whose resistance at 0°C was 28.8 ohms. The 
platinum coil, wound on a mica cross,‘ was 
sealed in a platinum case filled with helium, the 
four leads, current and potential, being brought 
out through a soft glass seal. The outside 
diameter of the platinum case was 0.5 cm and 
the overall length of the thermometer 5 cm. It 
was calibrated by comparison with the vapor 
pressure of freshly condensed normal hydrogen, 
using the vapor pressure equation discussed later 
for the determination of temperatures. 

The temperature of the liquid hydrogen bath 
in the inner Dewar vessel was varied by means 
of a large capacity vacuum pump and a series 
of hand operated valves interposed between the 
pump and the vacuum connection at the top of 
the cryostat. With the aid of a fine adjustment 
valve and an oil filled manometer, especially 
designed for the purpose, it was possible to 
hold the pressure in the vapor space over the 
liquid hydrogen bath constant to within +0.2 
mm of mercury. 

Since the liquid hydrogen bath was not stirred, 
special precautions were taken to insure that 
the thermometer, and the hydrogen and deuter- 
ium condensates whose vapor pressures were to 
be investigated, were all at the same tempera- 
ture. The manometer tubes, leading down to the 
capsules through the liquid hydrogen bath, were 
vacuum-jacketed, and the thermometer and two 
glass capsules were cast in a low melting point 
alloy metal block, as indicated in Fig. (1). 


EXPERIMENTAL AND CALCULATED RESULTS 


Vapor pressure of deuterium 


In Table I are recorded a series of determina- 
tions of the vapor pressures of normal hydrogen 
and deuterium. The observed vapor pressures 
are given in columns 3 and 5. Column 4 is 
obtained from column 3 by correcting for the 
change with time of the vapor pressure of the 


4For the method of winding these coils, see C. H. 
Meyers, Bur. Standards J. Research 9, 807 (1932). 
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1 ‘ 3 4 5 
Vapor 

pressure of Vapor pressure 

of normal 


Observed 

Age of con- vapor normal 
- densed pressure hydrogen 
states Temperature of hydrogen (calculated) 
hrs. *-. mm of Hg mm of Hg 


deuterium 
(observed) 
mm of Hg 





20.334 749.8 749.8 252.0 
19.969 672.0 672.0 218.5 
19.330 550.3 ° 550.0 168.5 
19.167 522.0 521.7 157.1 
18.953 486.5 486.0 143.2 
18.945 485.3 484.9 142.4 
18.182 372.8 372.4 97.7 
17.479 287.3 287.0 65.5 
16.463 190.6 190.3 35.0 
15.188 106.2 106.1 14.2 
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hydrogen resulting from the conversion of ortho- 
to para-hydrogen. The ages of the condensed 
state at the time of the observations are recorded 
in column 1. The results of an investigation of 
the change of the vapor pressures of hydrogen 
and deuterium with time are presented below. 
The temperatures were calculated from the vapor 
pressures of normal hydrogen recorded in column 
4, with the equation, 


logio P(mm of Hg) 
= 4.6633 —44.7291/T+0.020237. (1) 


This was deduced as the best fit for the experi- 
mental data on (1) the vapor pressure of liquid 
hydrogen, (2) the latent heat of vaporization, 
and (3) deviations of the molecular volume of 
the vapor from the ideal gas. All published 
vapor pressure measurements were considered, 
but this equation agrees best with the latest 
Leiden determinations.*® 

We have tried the use of two equations of 
state in our calculations. The following equation 
was deduced from the latest experimental deter- 
minations of the virial coefficients** for hydrogen : 


PV=RT(1—0.0381/V(1+1150/T2)), (2) 


where the volume is measured in liters. The 
latent heat at the boiling point calculated from 
these equations agrees exactly with Simon and 
Lange’s® experimental value and differs by only 
0.3 percent at the triple point. 


5 Keesom, Bijl and van der Horst, Proc. Amst. Acad. 
342, 1223 (1931). 

5a van Agt and Onnes, Leiden Comm. No. 176b (1925). 

6 Simon and Lange, Zeits. f. Physik 15, 312 (1923), see 
footnote 8. 


It may be expected that deuterium will not 
have exactly the same equation of state as 
hydrogen. If the entire imperfection of these 
gases could be accounted for by the Bose- 
Einstein gas theory, the equation of state should 
be of the form, 

PV=RTf(V'T). 
The equation, 


PV=RT(1—13.192/VT}) (3) 


agrees with the experimental data on hydrogen 
about as well as Eq. (2), though the value of the 
constant is much larger than that required by 
the theory for an ideal gas. The correction terms 
in the Bose-Einstein theory contain the mass to 
the same power as the temperature, and hence 
the maximum difference to be expected in the 
equations of state of hydrogen and deuterium 
can be estimated. The equation of state of 
deuterium would then be 


PV=RT(1—4.6707/VT). (4) 


This equation of state for deuterium makes the 
maximum correction possible for the difference 
between the equations of state for hydrogen and 
deuterium, though it seems probable that the 
equation of state of deuterium will be more 


nearly the same as hydrogen. The use of either 
of the equations of state (2) or (4) for deuterium 
makes but little difference in the derived data, 
but Eq. (2) does fit the experimental and cal- 
culated results better than Eq. (4) does. 

Fig. 2 is a graph of the logarithm of the vapor 
pressure of normal hydrogen against that of 
deuterium (columns 4 and 5 of Table I). The 
lines fitting the lower and upper ranges of 
pressures are the vapor pressure curves of solid 
and liquid De, respectively ; their point of inter- 
section (18.53°K) is the triple point of Dz». It is 
interesting to note that the observations plotted 
as in Fig. 2 fall along straight lines to within the 
precision of the results, whereas there is notice- 
able curvature of the graphs of the logarithms 
of the vapor pressures plotted against 1/T. 

The experimental data can be represented by 
the empirical equations, 


logio P(D2 liquid) 
= —1.363+1.310 log P(He liquid), (5) 


logio P(De solid) 
= —1.954+1.534 log P(H2 liquid). (6) 
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With Eq. (1), these become 


logio P(De liquid) 
= 4.7459 — 58.5951/T+0.026507, (7) 


logio P(De solid) 
= 5.1995 — 68.6144/7+0.03103T. (8) 


Since the vapor pressures of hydrogen and 
deuterium were compared directly, Eqs. (5) and 
(6) are independent of the temperature scale, 
whereas Eqs. (7) and (8) are not. 

In Table II are listed the vapor pressures of 
normal hydrogen and deuterium at their boiling 
points, and triple points, calculated from these 
equations. 

Although the values given by these equations 
and in Table II are accurate for the sample 
investigated, they may be subject to revision 
when purer deuterium is secured. As stated 
above, there are reasons for believing that the 
deuterium used here was of very high purity. 
The results reported here are not in good 
agreement with those of Lewis and Hanson,’ who 


"G. N. Lewis and W. T. Hanson, Jr., J. Am. Chem. 
Soc. 56, 1001 (1934). 
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TABLE II. 








Vapor pressure in 
mm of Hg 





He D2 





23.5°K (Boiling point of normal D2) 1740 
20.38 (Boiling point of normal H2) 760 
18.58 (Triple point of normal De) 429 


13.92 (Triple point of normal He) 54 3 


257 








compared the vapor pressure of a supposedly 
‘‘pure”’ sample of deuterium with that of para- 
hydrogen. For the same temperatures the vapor 
pressure values of Table II are lower than those 
of Lewis and Hanson, indicating that the sample 
of deuterium used for the investigations reported 
here was purer than theirs by about 0.5 percent. 
It is possible that the conversion of their refer- 
ence sample of hydrogen to para-hydrogen was 
not as complete as they supposed, the error 
resulting, thereby, being in the direction to 
make their values for the vapor pressure of 
deuterium too high. 


Latent heats of deuterium 


Table III is a table of latent heats of hydrogen 
and deuterium. The values for hydrogen are the 
results of calorimetric determinations,® those for 
deuterium were obtained by calculation from 
the slopes of the vapor pressure curves using 
the Clausius-Clapeyron equation. In the absence 
of experimental data, it was assumed that the 
molecular volumes of the liquid and _ solid 
deuterium between 13.92° and 20.38° are equal 
to those of liquid hydrogen at the same temper- 
ature.* The volumes of liquid hydrogen were 
taken from the International Critical Tables, 
Vol. I. Under A//(ideal) are given the heats of 
vaporization to a gas at zero pressure, using 


8Simon and Lange, Zeits. f. Physik 15, 312 (1923). 
The equation of Simon and Lange was modified to allow 
for the difference in the temperature scales. This modified 
equation yields the same latent heats at the same thermal 
states as does the original equation, Lv=219.7—0.27(T 
— 16.63)?. 

* Keesom and Lisman, Proc. Roy. Acad. Amst. 35, 607 
(1932) have given the fusion curve of hydrogen. From 
these values it is possible to deduce with the aid of the 
equation 

dP/dT =AH;/TAV 
the values of AV, and assuming that the molecular volume 
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TABLE III. 
H2 D, 
AH *AH jAH 
: i AH Ideal *AH Ideal Ideal 
13.92 245.7 247.7 
(28.0)  (28.0)t 
13.92 217.7 219.7 340.8 340.9 341.1 
15.188 345.4 345.7 345.8 
16.43 349.6 350.2 350.0 
17.479 352.7 353.7 353.7 
18.182 354.5 355.9 355.9 
18.58 218.7 224.8 355.4 357.1 357.2 
(52.3) (52.3)  (52.4)t 
18.58 303.1 304.8 
18.945 304.0 305.9 
18.953 304.0 305.9 
19.167 304.4 306.5 ; 
19.330 304.8 306.9 
19.969 306.0 308.6 
20.334 306.6 309.6 
20.38 215.9 225.3 








*The values given in these columns were calculated 
from the empirical vapor pressure equation. 

+ The values given here were calculated from the 
equation, AH =AH»+(5/2)RT—H,, from values given in 
a following paragraph, where H, is taken as a Debye 
energy with @,’=100. 

} The quantities in parentheses are the latent heats of 
fusion per mole. At the triple points latent heats of vapor- 
ization and sublimation are given. 


Eq. (2) for both gases. The heat content of the 
gas is then given by the equation, 


H=H,+(5/2)RT 
—(RT/V)0.0381(1+3450/72), (9) 


and it is only necessary to add the values of the 
last term to the values in column 4 to secure 
those in column 5 of Table III. If Eq. (4) is 
used for diplogen, the value of AH(ideal) for 
deuterium at 20.334° is decreased by 4.15 cals., 
and other values in the table are decreased by 
small amounts. The heat of fusion is changed 
from 52.3 cals. to 53.1 cals. 


of liquid hydrogen as given in the literature is correct, 
the molecular volume and density of solid hydrogen at 
the triple point can easily be calculated. When calculated 
in this way, the density is found to be larger than any 
values recorded. This would indicate that the values for 
the density of solid hydrogen are very inaccurately known. 
The correction for the volume of the solid is small in any 
case, amounting to only 1.8 cals. as a maximum. The 
error introduced by using the volumes of liquid protium 
is only about 10 percent of this, or about 0.2 cal. For 
this reason, we have not attempted to estimate the volume 
of solid deuterium any more accurately. 
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On the change of the vapor pressure of deuterium 
with time 
Figs. 3 and 5 are graphs of determinations of 
the vapor pressures (reduced to 20.38°K) of 
liquid hydrogen and liquid deuterium plotted 
against the age of the liquid state. 
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Fic. 3. The change of vapor pressure of hydrogen with time. 
Fic. 4. The ortho-para conversion of hydrogen. 
Fic. 5. The para-ortho conversion of deuterium. 


Fig. 4 is a plot of one hundred times the 
reciprocal of the difference between the vapor 
pressure of para-hydrogen and the vapor pressure 
of the liquid hydrogen, originally normal, the 
age of whose condensed state is the abscissa. 
That the observations plotted in Fig. 4 fall 
along a straight line is a consequence of the 
conversion of ortho- to para-hydrogen in the 
liquid phase being a bimolecular change.’ For 
such a change, the rate of decrease of the ortho- 
hydrogen concentration (—dx/dt) is proportional 
to the square of the concentration, 


—dx/dt=kx?. (10) 


The slope of the line is k/[(v.p.) para — (V-P-)ortho]: 
The velocity constant k of the conversion change 
in the liquid phase was calculated using 786.86 
mm of Hg for the vapor pressure of para- 
hydrogen and 751.00 mm for ortho-hydrogen at 
the temperature at which the vapor pressure of 


* Cremer and Polanyi, Zeits. f. physik. Chemie B21, 459 
(1933). 
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freshly condensed normal hydrogen is 760.00 mm 
(20.38°K).'° The value obtained for k was 0.0114 
per hour when concentrations are expressed in 
terms of mol fractions. This is in agreement with 
the value obtained by Cremer and Polanyi’ 
using the thermal conductivity method of analy- 
sis to follow the change in concentration of 
ortho-hydrogen. Their values range from 0.010 
to 0.013, averaging 0.0118. The agreement is 
better than the accuracy of the work reported 
here and that of Cremer and Polanyi as well. 

It is interesting to note that a small amount 
of solid oxygen in the liquid hydrogen markedly 
increased the rate of conversion, as was made 
manifest by a proportionately greater rate of 
increase of vapor pressure. The rate of increase 
for a sample containing about 0.01 percent O2 
was greater by a factor of 3 than the rate after 
the oxygen had been removed by passing the 
hydrogen over copper at 600°C. 

Referring to Fig. 5, the straight line which is 
the best fit for the observations, reduced to 
20.38°K, of the vapor pressure of originally 
normal deuterium plotted as a function of the 
age of the condensed state indicates a decrease 
of the vapor pressure of deuterium with time. 
However, F. G. Brickwedde, R. B. Scott and 
H. S. Taylor'! have measured the vapor pressure 
of deuterium passed over a conversion catalyst 
at liquid hydrogen temperatures and find that 
at 20.38°K the vapor pressure of the ‘‘converted”’ 
deuterium is about 5 mm of Hg greater than the 
vapor pressure of normal deuterium. It was 
concluded that the uncatalyzed change of the 
vapor pressure of liquid normal deuterium with 
time is too small for measurement with the 
apparatus used in this investigation. The ob- 
servations reported here show that the rate of 
change of the vapor pressure of normal deuterium 
with time is less than 1/40th of the rate of 
change of the vapor pressure of normal hydrogen. 





° Considering all the published determinations of the 
vapor pressure of para-hydrogen at the boiling point of 
normal hydrogen, 786.86 mm of Hg was selected as the 
most probable value for the vapor pressure of para- 
hydrogen. The vapor pressure of ortho-hydrogen (751.00 
mm) was calculated from the vapor pressures of para- and 
normal hydrogen. 

"F, G. Brickwedde, R. B. Scott and H. S. Taylor, 
The Vapor Pressure of Ortho- and Para-Deuterium to be 
published in this Journal. 


CALCULATION OF THE VAPOR PRESSURE EQUA- 
TION WITH THE THIRD LAW AND THE 
DEBYE THEORY OF THE 
SOLID STATE 


Simon and Lange found that the heat capacity 
of solid hydrogen under saturation pressure could 
be described by the use of a Debye function 
using a 0,’ of 91. It is assumed here that it is 
also possible to describe the heat capacity of 
solid deuterium at zero pressure in a similar way. 
The ©’s which are used for the thermodynamic 
functions at constant pressure will be indicated 
by primes. The subscripts 1 and 2 will be used 
to designate the values of the quantities for 
hydrogen and deuterium, respectively. 

In the paper by Urey, Brickwedde and 
Murphy,’ an approximate theory for the ratio 
of vapor pressures of solid Hz and solid Dz was 
developed, assuming (1) that the vapor pressure 
could be calculated using the third law of 
thermodynamics, (2) that the zero point energies 
were given by the Debye theory of the solid 
state, namely (9/8)RO, and moreover, (3) that 
the ©0’s for the two hydrogens varied inversely 
as the square roots of the molecular weights. 
The ratio of vapor pressures calculated for 
molecules of masses 2 and 4 was 3.354 at the 
triple point of hydrogen, which is in marked 
disagreement with the experimental results re- 
ported in this paper. For hydrogen the value of 
Q,’ derived by Simon and Lange® from the heat 
capacity under the saturation pressure was used. 
This cannot give the correct ©; for it would be 
necessary to derive this from the heat capacity 
at constant volume, and since the heat capacity 
at constant volume must be less than the heat 
capacity at constant or saturation pressure, the 
true ©, must be greater than the value used, 
namely 91. With values for the coefficients of 
expansion and of compressibility of hydrogen 
from the International Critical Tables, the differ- 
ence C,—C, is calculated to be about 37 cals., 
where in fact the heat capacity of hydrogen 
under saturation pressure is about 1.2 cals. It is 
obvious that these coefficients of expansion and 
compressibility are very inaccurately known. 
Moreover, the assumption that the internal 
rotational and vibrational energies in the solid 
and gaseous states are the same will be discussed 
later. Also, it was assumed that the gases 





460 SCOTT, 


followed the ideal gas laws. This, of course, is 
only approximately true, but the corrections 
necessitated by this approximation are small. 

The free energy of the gaseous hydrogen at a 
pressure P can be set equal to the free energy 
at a very low pressure P* approaching zero 
+ S»” VdP. The free energy of the gas at pressure 
P* is given accurately by the Sackur-Tetrode 
equation, 
F= Ho+(5/2)RT 

—RT(In M3?752P*!)4+-CT. (11) 


The free energy of the solid is equal to its free 
energy under pressure P*+ /,.”V.dP, and if the 
volume of the solid can be regarded as constant 
with changing pressure, this additional term is 
equal to V,P. At equilibrium these free energies 
must be equal. Equating them and introducing 
the equation of state (2), we secure for the vapor 
pressure equation, 


5 3 


(1— 





F, 0.0381) 1150 
ma (145) 
T2 


1150 
+ ), (12) 


T2 





20.0381 (: 


where AJ, is the heat of vaporization at absolute 
zero, 7 is the chemical constant equal to — 1.5882 
according to Birge,’ and F, is the free energy of 
the solid at zero pressure. The correction term 
due to the imperfection of the gas has been 
calculated by calculating the volume from the 
equation of state at the pressures given by the 
empirical vapor pressure Eq. (8). As before, we 
have taken the volume of the solid deuterium 
as equal to the volume of liquid hydrogen as 
given by the International Critical Tables. These 
correction terms for deuterium are small. 

As stated above, it is assumed that F, can be 
described by the use of a Debye 0,’. By trial 
and error it is found that constant values for 
AH» can be secured if 0,’ is taken as equal 
to 100." 

The values of AH, calculated in this way for 


12 Birge, Rev. Mod. Phys. 1, 65 (1929). 
13 The values of F, as a function of @2’ are given in the 
Handbuch d, Physik, Volume 10, page 369. 
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the four temperatures for which measurements 
have been made give the values in Table IV. 


TABLE IV. 


88 16.463 17.479 
1 275.97 276.09 


18.182 
276.08 


: 15.1 
AH, 276.1 Av. 276.06 
The average value of AH, determined in this 
way is 276.0 cals./gram mole. By using equation 
of state (4) and by making a similar calculation, 
AH equals 276.2 cals./gram mole and 02’= 105. 
Thus it seems to be impossible to change the 
value of A/J, except by small amounts and that 
©,’ is correct within about +5 units. 

This 0,’ is one which will describe the thermo- 
dynamic functions for solid deuterium in this 
range of temperature at zero pressure, though 
with the small vapor pressures involved, no 
observable difference can be expected if the 
thermodynamic functions are those under the 
saturation pressures. The heats of vaporization 
recorded in the last column of Table III for 
solid deuterium have been calculated using the 
constants derived here. The agreement between 
the heats of vaporization calculated from the 
empirical equation (column 5) and the equation 
given in this section is very good and indicates 
that Eqs. (12) and (8) give the vapor pressures 
equally well. 

Simon and Lange® have determined the heat 
of vaporization and the heat of fusion of the solid 
hydrogen. They found that the heat of sublima- 
tion of solid hydrogen at the triple point is 
245.8 cals./mole. This is equal to the heat 
content of the vapor at a pressure of 5.38 cm 
mercury minus the heat content of solid deuterium 
at the triple point. With our equation of state 
and Eq. (9), 


AH = AHy+(5/2)RT 
—(RT/V)0.0381(1+3450/72) -—H, (@=91). 


Substituting the numerical values, we find that 
AH = 182.9 instead of 183.4 as given by Simon. 


CALCULATION OF THE ZERO POINT ENERGIES 


If it is assumed as it was by Urey, Brickwedde 
and Murphy that the heat of vaporization of the 
vibrationless solid to the motionless gas at 
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absolute zero, represented by x, is the same for 
hydrogen and deuterium, and that the ratio of 
the zero point energies of the two solids is 
inversely proportional to the square root of the 
molecular weights, it is possible to calculate the 
value of x and of the zero point energies. Thus 


x= E,(H2) +182.9= E,(D2) +276.0 
and 
E((He) /Eo(De) = (4.0273/2.0156)}. 


From these equations, x= 501.2, Eo(He)= 318.3 
and E,(D2)= 225.2. The corresponding ©’s are 
given by the equation 0=8/9E,/R, and thus we 
find that 0,= 142.4 and ©2= 100.7. These should 
be used to calculate the heat capacity and other 
thermodynamic properties at constant volume. 
The ©, is greater than the 0,’ and hence the 
heat capacity of hydrogen at constant pressure 
is greater than that at constant volume. The 
difference between ©2 and Q,’' is so small that 
we cannot be certain that this is not altogether 
due to the nature of the calculation, and thus 
we may say that these quantities would indicate 
that the heat capacity at constant pressure and 
at constant volume for deuterium are equal. 
With the well-known thermodynamic relation 
C,—C,=0?VT/B, where a and 8 are the coeffi- 
cients of thermal expansion and compressibility 
respectively, it is seen that the coefficient of 
thermal expansion for deuterium must be very 
small. This is surprising and leads us to question 
the assumption upon which this calculation is 


based. 


EFFECT OF ROTATIONAL AND VIBRATIONAL 
ENERGY CHANGES 


In the calculations which we have made, it is 
assumed that there is no change in the rotational 
and internal vibrational energies of the molecules 
in going from the solid to the gaseous state. 
The Raman spectra data on liquid hydrogen 
show that energy differences of the rotational 
states are within experimental error (approxi- 
mately 1 wave number) equal to the differences 
in the gaseous state, and that the vibrational 
frequency in the liquid state differs from its 
value in the gaseous state! by about 10 cm=. 





4 J.C. McLennan and J. H. McLeod, Roy. Soc. Canada, 
Trans. 23, Section 3, 19-20 (1929); McLennan, Smith and 
Wilhelm, ibid. 279-282 (1929). 
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This difference is not much greater than the 
experimental error as nearly as we can judge. 
It may be expected that the difference may be 
even larger in the solid state. Recent work by 
Salant, Sandow and Callahan on the Raman 
spectra of the hydrogen halides show very 
appreciable differences in the vibrational fre- 
quencies in the gaseous, liquid and solid states, 
and that the frequencies are uniformly less in 
the condensed phases. This would affect the heat 
of vaporization since it would be necessary to 
supply energy to the internal degrees of freedom 
in the process of vaporization. If the change in 
vibrational frequency for hydrogen is 10 cm™ 
and if the percent change in the vibrational 
frequencies of deuterium is the same as that for 
hydrogen, the heats of vaporization would be 
increased by approximately 14 and 10 cals., 
respectively, for hydrogen and deuterium. In 
order to secure the contribution to the heats of 
vaporization at 0°K due to the potential energies 
between the molecules the previously calculated 
AH,’s must be decreased by 14 and 10 cals., 
respectively. If there is such a difference between 
the internal vibrational energies for the solid and 
vapor states, these reduced AH,’s should be 
introduced into Eq. (13) for the calculations of 
the Eo’s. The ©’s would be increased, thus 
making ©.’= 106.4 and hence somewhat larger 
than Qs. 

Such a correction would still leave the heat 
capacity at constant pressure for deuterium very 
nearly equal to its heat capacity at constant 
volume. However, any such correction would 
change the values of the 0, and O2 by the same 
percentage, and thus the heat capacity of 
deuterium at constant volume will always be 
larger than that of hydrogen, as is to be expected. 
This means that the difference between the heat 
capacities at constant pressure and constant 
volume will always be less for deuterium than 
for hydrogen, and hence the ratio of the square 
of the coefficient of expansion to the coefficient 
of compressibility will be less for deuterium than 
for hydrogen. One might expect the coefficient 
of compressibility of hydrogen to be larger than 
this coefficient for deuterium, and hence, in order 


1 Salant and Sandow, Phys. Rev. 37, 373 (1931). 
Salant and Callihan, Phys, Rev. 43, 590 (1933). 






































































































































































































































462 SLOT, 
to account for the difference in the ratio, it 
must be assumed that the coefficient of thermal 
expansion of deuterium is less than that for 
hydrogen. This conclusion seems reasonable be- 
cause the zero point energy of hydrogen amounts 
to about 64 percent of the value of x, while for 
deuterium it is only 46 percent of this quantity. 
As energy is acquired by the vibrating solid, the 
oscillators become more anharmonic and hence 
the volume of the solid increases. The high 
energy oscillators of hydrogen should be more 
anharmonic in character than the high energy 
oscillators of deuterium, and hence it is reason- 
able to expect that hydrogen should expand 
more rapidly which would be in accordance with 
our conclusions. 

It follows, of course, that the ratio of the zero 
point lattice energies will not be exactly pro- 
portional to the square root of the molecular 
weights if this anharmonic character is con- 
sidered, and in fact that the ratio of the zero 
point energies of hydrogen to that of deuterium 
will be less than that assumed. The zero point 
energy of both hydrogen and deuterium are 
increased over that calculated above, and thus, 
their ©’s are larger and the heat capacity at 
constant volume calculated in this way is de- 
creased, again bringing the whole calculation to 
a more understandable situation. 

Pauling'® has considered the rotational energy 
of hydrogen molecules in the solid state, for the 
special case of free rotation or an oscillatory 
rotation in a plane. He gives reasons for believing 
that the height of the potential energy hill 
corresponding to a rotation of the molecule 
through 180° is about 112 cals./mole. This 
theory cannot be used for a rotator in space, 
but the application of the perturbation theory 
to this problem, if the height of the potential 
energy hill is small, as compared with the energy 
difference of the lowest rotational states, can be 
made by well-known methods. In this way the 
energies of the lowest rotational states of the 
perturbed rotator in space are found to be those 
of the third column of Table V. The potential 
energy curve is assumed to be of the same form 
as that used by Pauling, namely, V=V,(1 
—cos 20). If we use Pauling’s value for Vo, 


16 L, Pauling, Phys. Rev. 36, 430 (1930). 
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TABLE V. 








M AE AF (cals./mole) 





0 £ 20 
0 /5 V 12 
#1 S 24 








namely 56, it is immediately evident that there 
is a very large difference in energy between the 
1,0 and the 1, +1 states, and thus, the ortho- 
hydrogen in the solid phase would be in the 
lower of these two states. Thus tHe entropy of 
hydrogen as determined from the heat capacity 
curve would not agree with the observed value." 
This is due to the fact that part of the degeneracy 
of the first rotational state would have dis- 
appeared at these temperatures. Hence, the 
height of the potential energy hill must be very 
much smaller than was assumed by Pauling. If 
Vo is smaller, say 28 cals./mole, a maximum 
would occur in the heat capacity in the region 
of about 10° absolute, which again is not in 
agreement with experiment. It must be con- 
cluded that the value of Vo is small, something 
like 15 cals./mole, or less. Taking this value, 
one secures for the change in energy states in 
the solid the values given in the last column of 
Table V. 

At the absolute zero, all the molecules in the 
first rotational state would occupy the level, 
J, M=1, 0. Since AH, was deduced by extra- 
polation from higher temperatures where very 
nearly statistical distribution between the states 
exists, in proportion to the a priori probabilities, 
and since at higher temperatures the mean ener- 
gies of the states J=0 and J=1 do not depend on 
the temperature, a value for AH) was obtained 
which does not depend upon the differences in 
rotational energy of Table V. Hence, our extra- 
polation to absolute zero does not include any 
rotational effect of this kind. Moreover, since 
it is necessary to assume a very low value of 
the potential energy hill in solid hydrogen, it 
follows that the calculated values also hold for 
deuterium, and hence, that there is practically 
free rotation in the case of solid deuterium. 

Throughout this discussion it is assumed x to 
be the same for solid hydrogen and deuterium 


17 Giauque, J. Am. Chem. Soc. 52, 4816 (1930). 
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and this assumption may not be correct. Bernal!® 
has shown that the molecular volume of solid 
deuterium oxide is less than that of ice and 
similarly the molecular volumes of solid hydrogen 
and deuterium may not be identical. If this 
were the case, the values of x and the restoring 
forces would hardly be the same in the two cases. 
Hence the ratio of the zero point energies would 
not be the inverse of the square roots of the 
molecular weights. Both of these assumptions 
may need revision later. 

We can conclude that the zero point energies 
and the x for solid hydrogen and deuterium are 
greater than those recorded above, and that 
C,—C, is considerably greater for hydrogen 
than for deuterium and hence that the coefficient 
of expansion of hydrogen is greater than that 
of deuterium. 


HEAT CAPACITIES OF HYDROGEN 
AND DEUTERIUM 


The heat capacities of the solids were calcu- 
lated using the ©’s and ©”’s derived in the 
preceding sections assuming as before that they 
follow the Debye functions. The values thus 
calculated are listed in Table VI. 

The heat capacities of the liquids can be 
secured from the relation, 


dAH (idea: /dT = AC= (5/2)R nag Cs(iiquia)- 


It is found that C, is approximately equal to a 
constant X 7 both for hydrogen and deuterium. 
The heat capacity of liquid hydrogen derived 
from the vapor pressure equation and the equa- 
tion of state used here is equal to 0.23147. The 
values calculated in this way are listed in Table 
VI together with the values calculated from 
Simon and Lange’s empirical equation based on 
their calorimetric measurements. The agreement 
between the two sets of values indicates the 
reliability of heat capacity data calculated from 
vapor pressure data and the equation of state. 
In the same way, the heat capacities of liquid 
deuterium have been calculated and listed in 
Table VI. The results indicate that the heat 
capacity of liquid deuterium is considerably less 
than that of liquid hydrogen and that there is 
less difference in the heat capacities of liquid 


‘Ss Bernal, Proc. Roy. Soc. Al44, 24 (1934). 
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ve Conth ts) v 
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0.44 
0.58 
0.73 
1.06 
1.43 
1.82 
1.92 


0.45 
0.59 
0.74 
1.07 
1.46 
1.84 
1.96 


0.59 
0.76 
0.94 0.28 
1.32 0.42 


0.16 
0.21 
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and solid deuterium at its triple point and under 
its saturation pressure than of liquid and solid 
hydrogen at its triple point and under its 
saturation pressure. 


THE, VAPOR PRESSURE OF SOLID 
HYDROGEN-DEUTERIUM 


Urey, Brickwedde and Murphy gave an ap- 
proximate calculation of the ratio of vapor 
pressures of the solid hydrogen and the solid 
hydrogen-deuterium.* The results of this paper 
make possible a better estimate of this ratio. 
If it is assumed that the 0’s are inversely 
proportional to the square roots of the molecular 
weights, the calculated ©. for the hydrogen- 
deuterium solid equals y¥ $0; and is 125. If 
further it is assumed that the ©,’ is between 
the 0”’s of the hydrogen and deuterium, i.e., 
about 97, the ratio of the vapor pressures of 
hydrogen and hydrogen-deuterium at 13.92°K 
should be 2.42. With this in the Rayleigh 
distillation formula, it is possible to calculate 
the enrichment which should have been secured 


* The ratio of the vapor pressures calculated for these 
two was given as 2.698. This is unfortunately in error. 
We neglected the factor 3/2 in the last term of our Eq. 
(6), Phys. Rev. 40, 4 (1932). The correct value should 
have been 2.23. 
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in the original distillations made by simple 
evaporation 2 mm of Hg above the triple point 
pressure. The hydrogen used in these experi- 
ments was prepared electrolytically from cells 
which had been freshly filled with ordinary 
water. The hydrogen discharged from these cells, 
as is now known, should contain considerably 
less deuterium than natural hydrogen. It seems 
reasonable to assume that the hydrogen used in 
these experiments contained about 1 part deu- 
terium in 25,000. The ratio of the original volume 
of liquid hydrogen to the final volume was 
approximately 4000. Substituting in the Rayleigh 
equation,’ it is found that the final sample 
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should have contained approximately 1 part in 
200 of deuterium instead of 1 part in 1100 as 
found by the mass-spectrograph analysis. Or, 
if the observed fractionation factor is calculated 
using 1 part in 25,000 for the original concentra- 
tion, and one part in 1100 for the final concen- 
tration, one obtains 2.1 for the ratio of the vapor 
pressure of hydrogen to that of hydrogen- 
deuterium at 13.92°K. Because of its low surface 
tension and density, boiling liquid hydrogen 
readily forms a spray which is carried along with 
the vapor in a distillation. It appears, therefore, 
that the enrichment secured was about what 
should be expected from the theory. 





The Raman Spectrum of Heavy Water Vapor 
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The Raman spectrum of heavy water vapor was obtained by using water having a d?°9 
= 1.073, at two atmospheres pressure. A line Avy=2666 cm™ was found for D.O and Av=2718 
cm for HDO. The other line expected from the work of Wood on liquid heavy water in the 
region Avy=3700 cm= was not found. The line Avy=3650 cm™ of H,O was resolved into a 
doublet Av=3646.1 cm=! and Avy=3653.9 cm. An attempt has been made to explain the 
Raman spectrum of H,O empirically by using the data of Mecke on the infrared absorption 


spectrum of H,0, 
EXPERIMENTAL 


HE apparatus used in the present investi- 

gation was essentially the same as that 
employed by one of us! previously in obtaining 
the Raman spectrum of ordinary water. 

In order to utilize a long scattering tube to 
the best advantage it is necessary to make the 
distance from the condensing lens to the scatter- 
ing tube large compared to the distance from 
the lens to the slit of the spectrograph. Neces- 
sarily the fulfillment of this condition produces 
a very small image, which must be accurately 
focussed on the slit of the spectrograph. This 
adjustment can be made quite accurately in the 
following manner. After the scattering tube has 
been lined up, the achromatic condensing lens 
is put in the proper position to focus the image 
on the slit of the spectrograph. The prisms are 
then removed from the spectrograph and an 
auxiliary telescope is aimed down the collimator 

* Presented by K. D. Larsen in partial fulfillment of the 
requirements for the degree of Ph.D. at the Pennsylvania 


State College. 
1D. H. Rank, J. Chem. Phys. 1, 504 (1933). 


and the slit brought into sharp focus. The 
condensing lens is then adjusted until the two 
tiny arcs of light caused by the light diffracted 
by the diaphragm in the scattering tube come 
into sharp focus. The necessity for a critical 
focus of this small image is best appreciated 
when one considers the fact that in the present 
case the actual useful length of the spectral lines 
on the photographic plate was only 0.25 mm. 

From a sample of heavy water d2o°°= 1.048 
the Raman spectrum of the liquid was obtained. 
A reproduction of this spectrogram is shown in 
Fig. 1b. This sample had been purified by a 
distillation from alkaline KMnO,. However, in 
spite of this treatment it fluoresced so badly 
that the spectrum was only obtainable by the 
use of strong filters. We were unable to obtain 
any results from this sample in the vapor phase 
because of the strong fluorescence. 

The second sample of heavy water which we 
used had a doo2°= 1.073, which ‘should contain 
on a basis of pure probability approximately 
11.5 percent H.O, 45.0 percent HDO and 43.5 
percent D,O. This sample was much better than 





RAMAN SPECTRUM OF 


HEAVY WATER VAPOR 











‘4 


Fic. la, Raman spectrum of liquid H,O; b, liquid heavy water d2o” = 1.048; c, Raman spectrum 
of H.O vapor; d, Raman spectrum of heavy water vapor d20"°=1.073. These spectra have been 
taken with several different spectrographs and are enlarged so as to make the mercury lines ap- 


proximately correspond. 


the previous one and we were able to obtain the 
modified lines from it. However, there was still 
The 
heavy water was removed from the scattering 
tube and sealed in an ampule with a quantity of 
KMnQ, and held at a temperature of 100°C 
overnight. After a distillation from the KMnO, 
the material was pure enough to yield a spectrum 
which was practically free from fluorescence. 
Numerous plates were obtained by using from 
one to four prisms in the dispersing train. The 
best plates were obtained by using four prisms 
which gave a dispersion of 40A/mm at 4500 
and 27A/mm at 4200. The entire spectrograph 
is installed in a constant temperature room, the 
temperature of the prisms being held constant 
to +0.1°C. The time of exposure varied from 3 
to 7 days with the highest dispersion used. Any 
lines which did not appear on the 7-day exposure 
could not have been made to appear upon 
longer exposure because of the increasing back- 
ground from the unmodified scattering and 
unavoidable parasitic light from the scattering 
tube. A 3-day exposure showed two Raman lines 
which were excited by \4047. The mean of all 
the measurements for these two lines yielded a 
Av= 2666 cm=!'+3 cm and Av=2718 cm'+3 
cm ', respectively, for these shifts, their intensity 
being approximately in the ratio of 3 to 2, the 
2666 shift being the stronger. A reproduction of 
one of the plates showing these lines appears in 
Fig. 1d, the Raman lines being indicated by 
means of ink dots below the spectrum. These 
results had been reported by one of us* previ- 


a considerable amount of fluorescence. 


* 1). H. Rank and G. H. Fleming, Florida Meeting Am. 
Chen. Soc. 


ously. The longer exposures were made in an 
attempt to find a line in the region Av= 3700 
cm~! which one would expect from the work of 
Wood’ on liquid heavy water. This particular 
shift falls in an unfavorable place for observation 
by 4047 excitation because of the presence of 
a number of weak mercury lines in this region. 
However, by \3650 excitation this line should 
fall in a place which is quite favorable for its 
observation. We have been unable to find this 
line and it seems safe to say that if this particular 
line appears in the spectrum of the vapor it 
must be considerably weaker than the other two 
lines which do appear. A vapor pressure of about 
two atmospheres was maintained in the scatter- 
ing tube for all these exposures. 

It appeared to be worth while to obtain more 
accurate measurements on the modified lines in 
the spectrum of H,O, since the dispersion used 
in the present work was double that used in the 
earlier work. It had also been noted in the 
previous work that all the Raman lines were 
somewhat broader than a sharp mercury line. 
A 15-hour exposure with H,O in the scattering 
tube showed the 3650 cm shift excited by 
3650 to consist of a close pair of lines of equal 
intensity. The measurements yielded Av= 3646.1 
cm~'+1.5 and 3653.9 cm~'1.5 for these shifts, 
respectively. The definition on this plate was 
particularly good and this doublet was clearly 
resolved. An attempt was made to resolve the 
corresponding line shifted from 3654. Since this 
line is considerably weaker than \3650 several 
days’ exposure was necessary to photograph it 


3 R. W. Wood, Phys. Rev. 45, 392 (1934). 
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properly and unfortunately the definition could 
not be maintained as sharp for the longer period 
of time. The third member of the triplet naturally 
could not be resolved, since the exciting line 
3663 is itself a close doublet of 0.38 Angstrom 
separation. This state of affairs would contract 
the pattern to an extent far beyond the photo- 
graphic resolving power of the spectrograph. 


DISCUSSION 


The Raman spectrum of liquid water has been 
obtained by numerous investigators. This spec- 
trum is characterized by an extremely broad 
diffuse band whose center lies approximately 
3445 cm™'! from the exciting line. The Raman 
spectrum of the vapor consists of a sharp line 
(Av= 3650 cm~') in contrast to the band observed 
in the liquid. Shifting of the center of the bands 
in the liquid to lower frequencies compared to 
those observed for the vapor, is well known from 
work on the infrared spectrum of water.‘ The 
infrared spectrum of water vapor shows these 
bands, which have been analyzed by Mecke and 
his co-workers*: ® 7 to exhibit the structure pre- 
dicted from the theory developed by Kramers,® 
Dennison® and Nielsen.'® In the liquid state 
these infrared absorption bands no longer show 


TABLE I. 








o——— 


HDO- — 
v(w) S(r) v(o) v(r) 8(r) 


H20 — 
vio) v(r) 8m) vo) 





Mecke® 3756 3600 1595 
Johnston and 
Walker!? 3655 1648 
Rank! 3804 3650 
Rank 3646.1 
Larsen 2718 2666 
Bordner 3653.9 


Wood’ 3445* 3500* 2623* 2517* 








* These values are obtained from the spectrum of the 
liquid‘and must not be compared with the values obtained 
from the vapor. Due to the well-known broad diffuse 
character of these bands the measurements obtained from 
the spectrum of the liquid cannot be of comparable 
accuracy with those obtained from the spectrum of the 
vapor. 


4 Schaefer and Matossi, Das Ultrarote Spektrum, p. 242. 

5 R. Mecke, Zeits. f. Physik 81, 313 (1933). 

6\V. Baumann and R. Mecke, Zeits. f. Physik 81, 445 
(1933). 

7K. Freudenberg and R. Mecke, Zeits. f. Physik 81, 
465 (1933). 

8H. A. Kramers and G. P. Ittman, Zeits. f. Physik 53, 
553 (1929). 

9D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 

10H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 


AND BORDNER 

this ‘‘many lined”’ fine structure but appear to 
be continuous. The reason for this phenomenon 
is probably to be found in the action of the stray 
fields of neighboring molecules on the absorbing 
molecules in such a manner that the energy 
levels are no longer discrete. This phenomenon 
is quite marked in the Raman spectrum of 
liquid HO, HDO and D.O, while the spectrum 
of liquid CS: apparently yields quite sharp 
lines."' From the work of Wood* on the liquid 
it is interesting to note, that the shift of the 
center of the band to lower frequencies in the 
spectrum of liquid D,O compared to the line 
observed in the spectrum of the vapor, when 
compared to the effect observed for H2O, appears 
to be proportional to the frequency. 

In Table I we have arranged the available 
data on the infrared and the Raman spectrum 
of both ordinary and heavy water. 

Mecke’s® analysis of the infrared absorption 
bands of H2O vapor leads to the values for the 
fundamentals given in Table I. v(o) and 6(7) 
appear as fundamentals in the infrared absorp- 
tion spectrum. However, v(7) makes its appear- 
ance only in the combination bands. In the 
Raman spectrum Rv(7) is observed by the appear- 
ance of a line Av=3650 cm. A line Av= 3804 
cm~! has been observed! which (though some- 
what doubtful) might be correlated with Rv(c). 
It is observed from the infrared data that 
v(o)—v(r7)=156 cm while from the Raman 
effect Rv(c)— Rv(r)= 154 cm. This agreement 
which is well within experimental error may be 
significant. The answer to the discrepancy be- 
tween the absolute value of Rv(r) and y(r) is 
probably to be found in the rotational structure 
of the spectrum. It is difficult to see how the 
Raman frequencies can be correlated with ( 
branch lines as is the case in diatomic molecules.* 


11 R. W. Wood and George Collins, Phys. Rev. 42, 380 
(1932). 

* The apparent absence of a Q branch was noted by 
Langseth and Nielsen (A. Langseth and J. Rud Nielsen, 
Zeits. f. physik. Chemie B19, 427 (1932)) in the Raman 
spectrum of gaseous CO:. They interpreted the lines 
which they found as maxima of P and R branches. Nielse® 
(Phys. Rev. 44, 911 (1933)) has calculated the intensities 
of the Raman lines associated with this transition. However, 
the calculations do not explain the difficulty since they 
show that the Q branch should be considerably stronger 
than the P and R branches. 
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The observation in the present work that Rv(7) 
consists of a close pair of lines enables us to 
attempt an empirical explanation of the apparent 
discrepancy noted above. If we assume that 
Rv(c) also consists of a close pair of lines, we 
find from the infrared data of Mecke that the 
mean of the two transitions 


(2-2.1_1= 3802.6 cm™, = 29-11:= 3807.9 cm~") 


in the R branch of the 1,0,0 band yields a value 
of 3805.2 cm, which is in excellent agreement 
with the value found for Rv(c) (3804 cm). 
The corresponding transitions in the 0,0,1 band 
would yield a value the mean of which is 1646.7 
cm~', which would be in good agreement with 
the line Av= 1648 cm found by Johnston and 
Walker.’* The doublet separation in this case 
would be 10.3 cm~. Unfortunately the rotational 
constants are not available for the 0,1,0 band. 
If we assume them to be sensibly the same as in 
the 1,0,0 band the value obtained for the mean 
of the corresponding transitions in the 0,10, 
band would be 3649.0 cm in excellent agree- 
ment with the value found for Rv() (3649.5 
cm~'). However, if the same rotational constants 
were used as in the 1,0,0 band the doublet 


2H. L. Johnston and M. K. Walker, Phys. Rev. 39, 
535 (1932). It is a curious fact that this transition does 
not appear in the Raman spectrum of the liquid. Professor 
Wood? using 42536 excitation did not obtain it either for 
H,0 or DO. 42536 excitation should be quite favorable 
for the observation of this frequency because of the 
absence of other exciting lines. One of us' previously was 
unable to find this transition in the spectrum of the vapor. 
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separation would be too small by about 30 
percent to check the observed value (7.8 cm~"). 

If the numerical agreement using the empirical 
assignment outlined above, for the observed 
Raman transitions, is not fortuitous the selection 
rules for the rotational quantum numbers would 
appear to be J>oJ—1, K~>~K+1+0. (These 
selection rules as stated would correspond to 
anti-stokes transitions.) The rule K+ 1 +0 would 
explain the absence of the 1_,-0 transition. If 
the K+1+0 rule did not apply one would obtain 
a triplet for the 2-1 transitions instead of the 
observed doublet. Unfortunately the transitions 
involving higher values of J, excited by \3650 
would be masked by the 2-1 transitions excited 
by 3654 and A3663. 2536 excitation would 
remove the experimental difficulties cited above 
and enable one to obtain these higher transitions 
providing they appear with appreciable intensity. 

We wish to acknowledge our indebtedness to 
Mr. G. H. Fleming of the Chemistry Department 
for his assistance in the preparation of the heavy 
water. 


Note added in proof: 


Since this paper was written a communication 
has appeared by R. W. Wood" in which he gives 
2601 and 2674 cm for the Raman frequencies 
of D:,O and HOD vapors, respectively. The 
values given in the present were obtained using 
much higher dispersion and should accordingly 
be considerably more accurate. 


13 R. W. Wood, Phys. Rev. 45, 732 (1934). 





The Equilibrium H,.O+HD=HOD+H., and Its Role in the Separation of the 
Hydrogen Isotopes 


A. FARKAS AND L. FARKAS, Laboratory of Colloid Science, Cambridge University 


(Received June 5, 1934) 





HENEVER hydrogen is liberated from an 
aqueous solution containing heavy water 
a separation of the isotopes occurs, i.e., the 
isotopic composition of the gas is not the same 
as that of the liquid. 
To interpret this behavior the following 
equilibria have to be taken into consideration. 


H.+D,=2HD (1) 
H.0+D.0=2HOD (2) 
H.O+HD=HOD+H:2. (3) 


These equations define the D-content of hydro- 
gen evolved from a solution of given D-content 
under equilibrium conditions. 

To simplify the treatment we will take the 
relative concentrations of the molecular species 
Hg, HD, Do, HO, HOD, and DO to be the 
same in the liquid and in the gas phase, i.e., we 
will neglect the difference in the vapor pressure of 
light and heavy water and the possible difference 
in the solubility of light and heavy hydrogen. 

The equilibrium constant of the reaction (1) is 
well known theoretically! and experimentally?: 3 
and is K,=(HD)*/(H2)(De) =3.27 at 20°C. The 
equilibrium constant K2=(HDO)?/(H:2O)(D.O) 
has been calculated by Topley and Eyring?‘ to be 
3.27 at 20°C. Both K, and Ky are nearly inde- 
pendent of temperature. 

According to Bonhoeffer and Rummel K; is 
3.8 at 20°. We have also obtained the same value 
at this temperature and about 2 at 100°C.® 

In a number of processes when hydrogen is 
evolved from aqueous solutions we could actually 


1 Urey and Rittenberg, J. Chem. Phys. 1, 137 (1933). 

2 Rittenberg, Bleakney and Urey, J. Chem. Phys. 2, 
48 (1934). 

3A. and L, Farkas, Nature 132, 894 (1933); Proc. Roy. 
Soc. A144, 467 (1934). 

4 Topley and Eyring, J. Chem. Phys. 2, 217 (1934). 

5 Bonhoeffer and Rummel, Naturwiss. 22, 45 (1934); 
Zeits. f. Elektrochem. (in print). 

6 A. and L. Farkas, Proc. Roy. Soc. A. (1934) (in print). 


observe that the establishment of these equilibria 
does in fact occur and is, in these cases, the only 
cause for the separation of the hydrogen isotopes: 
the observed ‘‘separation factor” defined by 


il H-content in the hydrogen _ H-content in water 
D-content in the hydrogen ° D-content in water 





is practically equal to the equilibrium constant 
K;. (As a simple calculation shows s would be 
identical with K; if K;=K.=4.) 

Some examples of such processes are (1) the 
electrolysis of water,’ (2) the decomposition of 
sodium formate by palladium black or B. coli,’ 
(3) the evolution of hydrogen from water by the 
reaction K,Co(CN).+H:0 = K3;Co(CN).+KOH 
+3H2.° 

In the case of electrolysis this equilibrium is 
not always established but only under certain 
conditions, e.g., on activated platinum electrodes. 

The separation for the hydrogen isotopes 
according to the equilibria (1), (2) and (3) will 
furthermore occur when a mixture of light and 
heavy steam is decomposed at high tempera- 
tures, e.g., with iron or in the water-gas reaction 
or when oxides such as CuO are reduced by 
hydrogen. At temperatures when all the com- 
ponents He, HD, De, HAO, HOD and D,0O are 
present together (in equilibrium) a sample on 
removal from the reaction chamber will reveal an 
isotopic fractionation since in general the concen- 
tration of D in the water molecules will not be 
equal to that in the hydrogen. 

It is obvious also that in other cases when the 
establishment of the equilibria (1), (2) and (3), 
especially that of (3) [the equilibrium defined by 
(2) is always established in the liquid] is not 


7A. and L, Farkas, Proc. Roy. Soc. A (1934) in print. 

8 Farkas, Farkas and Yudkin, Proc. Roy. Soc. B (193+) 
in print. 

* This experiment was suggested to us by Dr. J. Weiss 
and is of some interest since the liberation of hydroge® 
takes place from the homogeneous liquid. 
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attained as for instance in electrolysis in general 
or in the dissolution of metals in water or in 
acids’—* the exchange reaction 


H,O+HD=HOD-+H, 


may be operative to a certain extent thus 
modifying the primary separation of the hydro- 
gen isotopes caused, e.g., in the electrolysis, by 
the different rate of discharge of the H+ and Dt 
ions or by the different rate of recombination of 
the H and D atoms. 

It is hard to tell the extent of this exchange 
reaction in a particular case. That it really exists 
is shown by the fact that even the exchange 
between molecular hydrogen and water is 
catalyzed by different substances especially by 
metals.'* This reaction is also clearly operative, 
e.g., on the surface of a metal electrode or on the 
surface of other metals since the high reactivity 
of hydrogen in nascent state is well known. 

Qualitatively we can state that when the 
evolved gas contains more light hydrogen than is 
defined by the concentration determined by the 
equilibrium constant K the primary separation 
of the hydrogen isotopes is larger than the 
observed separation factor since the equilibrium 
reaction 


H.O+HD=HDO+H, 


tends to bring about a separation factor equal to 
K;. On the other hand if the D-content of the gas 
liberated is higher than determined by the 
equilibrium the primary separation will be still 
smaller than the observed. The former behavior 
is shown when metals, such as zinc, iron, etc., are 


” A. and L. Farkas, Nature 133, 139 (1934). Proc. Roy. 
Soc. A144, 16 (1934). 

' Hughes, Ingold and Wilson, Nature 133, 291 (1934), 
J. Chem. Soc. 1934, 493. 

 Horiuti and Szabo, Nature 133, 327 (1934). 

8 Davis and Johnston, J. Am. Chem. Soc. 56, 492 (1934). 

4 Horiuti and Polanyi, Nature 132, 819 (1933). 
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dissolved in dilute acids or in the electrolysis of 
water, the latter in the dissolution of alkalis or 
alkaline earths in water. It is thus clear that the 
rate-determining steps are different in these 
processes since the separation factor in one of 
them is smaller, in the other, larger than the 
equilibrium constant.” 

In this connection it may be pointed out that 
for the natural distribution of light and heavy 
hydrogen such equilibria between hydrogen 
compounds will play an important réle. Natural 
hydrogen should have a D-content 1:15,000 to 
1 : 20,000'* and also other hydrogen compounds 
will reveal a different D-content compared with 
water. Halford, Anderson and Bates!’ have 
shown that the equilibrium constant of the 
exchange reaction between heavy water and 
acetone 


CH;COCH;+ HOD = CH;COCH:D+H,0 


is about 2, i.e., the heavy hydrogen is prefer- 
entially present in the acetone. It is most proba- 
ble that this is also true for other organic 
compounds and this circumstance may explain 
the fact that water obtained from vegetable or 


animal material proves to be ““heavy’’ compared 
with water.'® 

We are very much indebted to Professor E. K. 
Rideal, F.R.S. for his interest in our work and to 
the Central British Fund for German Jewry for a 
financial grant. 


16 Discussion on heavy hydrogen he!d in The Chemical 
Soc. London, May 17, 1934. E. K. Rideal and A. Farkas. 

16 Bradley and Urey (Phys. Rev. 40, 889 (1932)), have 
found that the D-content of hydrogen from He-bearing 
natural gases is the same as of normal water. Obviously 
this hydrogen was not in equilibrium with water. 

17 Halford, Anderson and Bates, J. Am. Chem. Soc. 56, 
491 (1934). 

18 Emeleus, James, King, Pearson, Purcell and Briscoe, 
J. Chem. Soc. London, in print. 





The Infrared Absorption of Solutions of Hydroxides and Hydrolyzing Salts 


E. K. PLYLER AND WALTER Gorpy, Department of Physics, University of North Carolina 


(Received May 21, 1934) 


Absorption bands have been found at 3.654 and 5.2y in 
aqueous solutions of NaOH, KOH and LiOH. Solutions of 
ZnCle, ZnBro, NH,C2H;0., NasCOs;, NaC2H;02, Nae2B4QO;:, 
Na,SiO; and Al.(SO,4)3 were studied in the region from 2.84 
to 6u and bands were observed at about 3.45y, 4.5u, 5.2u 
and 5.6u. The solutions which are acid in reaction had 
intense bands at 3.6u and 5.2u, while the basic solutions 


gave a strong band at 5.6u. This variation in intensity 
indicates that the absorption bands are due to undissoci- 
ated molecules bound to water molecules. The band at 
4.5u is probably due to water which has been modified by 
the ions, The hydroxides showed the absorption bands at 
3.6u and 5.24 when 0.1N solution was used. 





RANTHAM! measured the absorption of 
several hydroxides in aqueous solutions 
from 1p to 3u and found an intense band at 
2.29u for all the solutions except NH,OH which 
had the maximum of absorption at 2.20. 


tions and found that the intensity of the water 
absorption was changed. Small bands occurred 
at 0.96u, 1.10u, and 1.27, for all the hydroxides 
in alcoholic solutions and these bands were 
thought to be due to the OH ion. 
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Fic. 1, The percent transmission of water and of NaOH and KOH solutions from 2.8 to 6.6. 


Because the absorption bands had the same 
wave-length Grantham concluded that the ab- 
sorption was due to the OH ions. Collins? also 
measured the absorption of hydroxides in solu- 


1G, E. Grantham, Phys. Rev. 18, 339 (1921). 
2 J. R. Collins, Phys. Rev. 20, 486 (1922). 


These bands appear to be part of a harmonic 
series which has a fundamental in the long wave- 
length region. The present work was undertaken 
to look for such bands and the region from 2.8# 
to 6.54 was studied. The measurement of the 
absorption bands was done in a way similar to 
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INFRARED ABSORPTION OF 


that employed by Plyler and Barr.* In Fig. 1 is 
shown the percent transmission of HO and 
7.5N NaOH and 7.5N KOH solutions. In the 
region of 4.2u the spectrometer slits were changed 
and this caused breaks in some of the curves. 
The cell thickness was approximately 0.01 mm 
for each solution. The transmission is less than is 
found for water. In Fig. 2 the ratio of the percent 
transmission of the solutions to that of water is 
plotted. Intense bands are shown in the regions 
of 5.20u and 3.65y. 

A 5N solution of LiOH also gives the same 
bands. In the region of 3.654 the bands appear 
to be double with a less intense component on 
the long wave-length side. On account of the 
rapid change in the coefficient of absorption of 
water, it was difficult to determine the true 
shape or position of this band. The small band 
in the region of 4.24 was not found in all de- 
terminations and may be due to observational 


3E, K. Plyler and E. S. Barr, J. Chem. Phys. (in press). 
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Fic. 2. The ratio of the transmission of solutions of KOH, 
NaOH, and LiOH as compared to water. 
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Fic. 3. The percent transmission of some hydrolyzing salts from 2.8u to 6.6u. 
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Fic. 4. The percent transmission of some hydrolyzing 
salts compared with water from 4.2u to 6.0u. (The curve 
labelled NaB,O; should be Na2B,O;; the curve NaSiO; 
should be Na,SiQ3.) 
errors. There is a strong band in this region due 
to COs in the atmosphere and the deflections 
of the galvanometer are greatly reduced. 

The bands reported by Collins? agree in 
position with harmonics of these bands. If the 
3.65u band is called »:, and the 5.24 band 2, 
then 3»; corresponds to 1.274 and 4; to 
0.95u and 5y2 corresponds to 1.05u. The com- 
bination of v:+v». corresponds to a band at 
2.3u. This agreement is not very satisfactory as 
the observed band occurs at 2.2u. By a study of 
hydrolyzing salts in this region it has been 
found that the 2.24 band is a fundamental 
frequency and not a combination band. 

A study of hydrolyzing salts was next made to 
see if the hydroxides formed in this way had 
bands at 3.65u and 5.2y. Solutions of 10N ZnCle, 


PLYLER AND W. 


GORDY 


10N ZnBre, 10ON NH yC2H3O0¢2 and 2.5N NasCO, 
were measured from 2.8u to 6.6u and the results 
are shown in Fig. 3. The percent transmission 
in this region is much less than that of water. 
The acid solutions have less transmission at 
3.45u and 5.24 than the basic solutions but the 
basic solutions have less transmission at 5.6u. 
This variation in intensity is readily seen when 
the ratio of the percent transmission of the 
solution compared to water is plotted. The 
results for the region from 4p to 6u are shown 
in Fig. 4. The first curves are for acid solu- 
tions and the band at about 5.6u, which is 
characteristic for all acid solutions,’ is very 
weak. The band at 5.24, which has been found 
for all hydroxides, is intense. As an acid solution 
of a hydrolyzing salt indicates more H ions than 
OH ions, the 5.6u acid band must be due to the 





bh 
Oo 


3 


a 
So 


Percent transmission 
~ 
[e] 


nN 
oO 


S 


NaC2 H;0, 











a 
Wave -length (1) 


Fic. 5. The percent transmission of some hydrolyzing salt: 
compared with water from 2.8 to 4u. 
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1G, 6. Intensity of the hydroxide bands at 3.654 and 5.2 as affected by concentrations. 


undissociated acid molecule attached to one or 
more water molecules and the 5.24 band due to 
the undissociated hydroxide molecule attached 
to one or more water molecules. The four lower 
curves in Fig. 4 show the percent transmission 
of 7N NaC2H;Ovc, 0.5N NaeB:O;7, 5N NasSiOs, 
2.5N NazCO; which are basic. The 5.6u acid 
band is intense and the 5.24 hydroxide band is 
weak. This result also shows that these bands are 
due to the undissociated molecule. Because of 
the strong hydroxide band at 5.24, the bands 
produced by the acids at 5.64 are somewhat 
distorted. The NHsC2H;O¢solution acts similarly 
to acid solutions but this result may be produced 
by the absorption due to the NH, ion in the 
region of 5.2u. 

Intense bands were found for all the hydro- 
lyzing salts in the region of 4.5u. These bands 
are not present in the solutions of acids or 
hydroxides and are to be attributed to energy 
levels characteristic of hydrolyzing salts. A 
strong absorption band is found in this region 
in all crystals having water of crystallization 
and it is possible that some of the water molecules 
of the solution are bound between the ions in a 
similar way to water in crystals. In Fig. 5 are 
shown the results for solutions of NH C2H;Ox2, 
ZnBro, ZnCl, NaC2H;02 and NaeCO; in the 
region from 2.8u to 4u. On account of the low 
transmission of water in this region, the position 
of the band could not be found so accurately. 
However, it was readily found that this region 
had an intense band at about 3.45u. 


The hydroxide bands at 3.654 and 5.24 have 
been found to arise in energy changes between 
the undissociated hydroxide molecule and one 
or more water molecules. Measurements were 
made on concentrations from 10N to 0.1N to 
see if the bands decreased rapidly in intensity as 
the concentration decreased. The intensity ap- 
peared to vary directly as the concentration and 
the bands were still present with 0.1N solutions. 
Curves for 0.1N and 0.25N solutions of NaOH 
are shown in Fig. 6. 

The hydroxide solutions have been studied‘ 
by means of the Raman spectra and shifts have 
been found which correspond to a band with a 
frequency of 3600 cm-!. Neither of the bands at 
3.65u or 5.24 was observed. 

The intensity of the bands at 3.45y, 5.24 and 
5.6u is a measure of the hydration for the given 
concentration. Because of the thin cells it is 
difficult to obtain quantitative results. How- 
ever, the harmonics of these bands, which occur 
in the region of 24, could be used to determine 
the degree of hydration. A study of this type 
has been made by Krishnamurti’ by the use of 
the Raman effect. He did not find any shifts 
which correspond to the bands observed in this 
work. 


4L. A. Woodward, Phys. Zeits. 32, 261 (1931). 

C. C. Hatley and Dixon Callihan, Phys. Rev. 38, 909 
(1931). 

5 P, Krishnamurti, Ind. J. Phys. 6, 345 (1931). 





The Quantum Mechanics of Unsaturated and Aromatic Molecules: A Comparison of 
Two Methods of Treatment 


G. W. WHELAND, Gates Chemical Laboratory, California Institute of Technology 
(Received June 11, 1934) 


A comparison is made of two quantum-mechanical 
methods of treatment of unsaturated and aromatic organic 
molecules. The HLSP treatment, which is based upon the 
use of Slater valence-bond eigenfunctions, seems to give 
results in somewhat better general agreement with experi- 
ment than the HMH, which is based upon the use of 


molecular orbitals of the Hund-Mulliken type. The latter, 
however, can be extended to a wider variety of problems. 
The problems considered include the energy relations 
among hydrocarbons, the dissociation of aryl substituted 
ethanes, the electron-affinity of free radicals and the acid 
strength of hydrocarbons. 





OR the quantum-mechanical treatment of the 
problems connected with molecular struc- 
ture, there have been devised two methods of 
attack which differ somewhat in the nature of 
the approximations introduced. In a number of 
cases for which calculations have been made, 
these have been found to lead to results which 
agree quite well with each other in a general sort 
of way but which disagree, nevertheless, in some 
rather important particulars. Slater' has treated 
this question in some detail, with special refer- 
ence to the metals and to the hydrogen molecule 
and Van Vleck? has done the same for methane. 
In this paper I wish to extend the discussion to 
several types of unsaturated and aromatic 
organic molecules. 


THE HEITLER-LONDON-SLATER-PAULING 
(HLSP) METHOD 


This method, which was developed originally 
by Slater* as a generalization of Heitler and 
London’s‘ treatment of the hydrogen molecule, 
was first applied to aromatic compounds by 
E. Hiickel® but has since been greatly simplified 
and extended by Pauling and his co-workers.® As 


1 J. C. Slater, Phys. Rev. 35, 509 (1930). 

2J. H. Van Vleck, J. Chem. Phys. 1, 177, 219 (1933); 
2, 20 (1934). 

3 J. C. Slater, Phys. Rev. 38, 1109 (1931). 

4W. Heitler and F. London, Zeits. f. Physik 44, 455 
(1927). 

5 E. Hiickel, Zeits. f. Physik 70, 204 (1931). 

6L. Pauling, J. Chem. Phys. 1, 280 (1933); L. Pauling 
and G. W. Wheland, ibid. 1, 362 (1933); L. Pauling and 
J. Sherman, ibid. 1, 679 (1933). 


an illustration we shall take the simple case of 
cyclobutadiene, C,H,. (The extension to more 
complicated systems will be obvious. For a 
detailed discussion of the method, the reader is 
referred to the original articles.) Each carbon 
atom will be considered to have one 2s and three 
2p orbital functions, occupied by one electron 
each. Of these, the 2s and two of the 2 functions 
are used up in forming single bonds to the two 
adjacent carbon atoms and to the attached 
hydrogen atom. The remaining 2p function, 
which projects at right angles to the plane of the 
ring, is then free to combine with the corre- 
sponding functions on the other carbon atoms. 
Only these last interactions need be considered, 
since the neglect of the others affects merely the 
position of the arbitrarily chosen zero point of 
the calculation. Thus the problem becomes one 
of four electrons only. For the molecule there are 
then the two “‘canonical” structures 


H—C=C—H 


| 
H-C=¢-H 


for which the corresponding Slater valence-bond 
eigenfunctions can be set up in the usual way. 
The secular equation is 


Q+a-—W 
10+2a-3W  Q+a-W 


10+2a—3W| 


as is easily shown, either by the procedure given 
by Pauling® for calculating the matrix elements, 
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or by the one given by Eyring and Kimball.’ 
In this equation Q is the coulomb integral 
(Vivewas|H | Piveoways), @ is the single exchange 
integral between adjacent carbon atoms 
(ViveowsWs|H | Povivays), and y; is the 2p function 
on the 7th carbon atom. Here the single inter- 
change integrals of the energy between non- 
adjacent atoms, all multiple interchange in- 
tegrals, and all interchange integrals of unity 
have been neglected. The solutions of the 
secular equation are W=Q+2a, Q-—2a, of 
which the former represents the ground state, 
since @ is presumably negative. It will be con- 
venient to eliminate Q from the problem by 
considering not the total energy Q+2a, but 
merely the resonance energy, which is the dif- 
ference between this quantity and the energy 
of a single one of the two equivalent ‘‘Kekulé- 
like’’ structures with alternating single and 
double bonds. This gives: Resonance energy 


=(0+2a—(Q+a)=a. 


THE HuND-MULLIKEN-HUcKEL (HMH) 
METHOD 


This method, which has been used with con- 
siderable success by Hund,* Mulliken,? Lennard- 
Jones,’ Herzberg,'! Dunkel,’ Bloch" and others 
in treating a wide variety of problems, has also 
been extended to the unsaturated and aromatic 
compounds by Hiickel.* “ The following dis- 
cussion follows his treatment quite closely, 
except for a slight modification in the nomen- 
clature. Again let us use cyclobutadiene as an 
example. As before, the problem is limited to a 
consideration of the interactions of the 2p func- 
tions (one for each carbon atom) projecting at 
right angles to the plane of the ring. Instead of 
setting up valence-bond eigenfunctions, however, 


7H. Eyring and G. E. Kimball, J. Chem. Phys. 1, 239 
(1933). 

°F. Hund, Zeits. f. Physik 73, 1 (1931); 73, 565 (1932). 

*R. S. Mulliken, J. Chem. Phys. 1, 492 (1933) and 
further references given there. 

J. E. Lennard-Jones, Trans. Faraday Soc. 25, 668 
(1929). 

" G. Herzberg, Zeits. f. Physik 57, 601 (1929). 

"M. Dunkel, Zeits. f. physik. Chemie B7, 81; 10, 434 
(1930). 

*F, Bloch, Zeits. f. Physik 52, 555 (1928). 

“E. Hiickel, Zeits. f. Physik 72, 310 (1931); 76, 628 
(1932); 83, 632 (1933); Trans. Faraday Soc. 30, 40 (1934). 


we shall consider each electron moving alone in 
a Hartree self-consistent field, which is produced 
by the nuclei and by all the electrons other than 
itself and which possesses the symmetry of the 
nuclei. The eigenfunction for a single electron 
can then be represented by a linear combination 
of the functions ¥,;-++y, and the corresponding 
secular equation is 


q-W B 0 B 
6B q-W B 0 
0 Bp q-W 8 
B 0 -S q~-F 








where gq is the coulomb integral (y;|J/’|y;), B is 
the resonance integral (y;|J/’|W:21), with i=1, 
2, 3, 4 and //’ is the Hamiltonian operator cor- 
responding to the self-consistent field. The 
resonance integrals between non-adjacent carbon 
atoms and all resonance integrals of unity have 
been neglected. The solutions of the equation 
are: 


W=q+28 cos (2177/4) 
=q+ 28, q, 9-28, q. 


(j=0, 1, 2, 3) 


Of these roots, g+28 is the lowest, since @ is 
presumably negative, and consequently two of 
the electrons are assigned to the corresponding 
eigenfunction, one with positive and one with 
negative spin. The other two electrons are then 
assigned to the eigenfunction corresponding to 
the next lowest root, g. On account of the 
degeneracy of this root, however, the assignment 
can be made in various ways, and hence the 
ground state of the molecule is degenerate; there 
are in fact one triplet and three singlet terms, all 
with energy 2(q+28)+2q=4q+48. In_ this 
treatment the interactions between the electrons 
have been neglected, except insofar as they are 
taken care of by the self-consistent field. 

It is again convenient to eliminate the integral 
q from the problem by subtracting from the 
total energy, 4q¢+46, the energy of a single 
“Kekulé-like”’ structure, which can readily be 
shown to be 4q¢+48. Thus according to this 
treatment, cyclobutadiene has zero resonance 
energy—a result in poor agreement with the 
value, a, found by the HLSP method. 
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GENERAL COMPARISON OF THE Two METHODS 


It is readily seen that the HMH procedure is 
the less rigorous of the two, since it does not 
take proper account of the Pauli exclusion 
principle. As Van Vleck? has pointed out, this 
results in an extreme piling up of electrical 
charges in the molecule. In fact, for an appre- 
ciable part of the time all the electrons are 
located on the same carbon atom. This shows 
that the self-consistent field has not properly 
accounted for the interactions between the 
electrons and throws some doubt upon the 
validity of the procedure. It seems likely that 
this error will increase in importance with the 
size of the molecule. A more rigorous procedure 
would be to set up an antisymmetric linear 
combination, ®, of functions which involve the 
molecular orbitals that result from the solution 
of the secular equation, and then to calculate the 
energy from the relation W=(®|I/|)/(#®), 
where // is now the correct Hamiltonian operator 
for the actual system under consideration. This 
refinement would be very difficult to carry out, 
however, since it would introduce a number of 
additional integrals which could not be readily 
evaluated. Consequently, we shall continue to 
use the simpler, but less rigorous procedure 
originally described. As a matter of fact, the 
HMH treatment, even with the refinement in- 
dicated, would probably still be somewhat in- 
ferior to the HLSP. The reason for this is that 
then the two methods become equivalent, except 
for the fact that in the former each bond is con- 
sidered to be half ionic and half covalent, while 
in the latter each bond is considered to be com- 
pletely covalent. The truth undoubtedly lies 
somewhere between the two extremes but some- 
what nearer the latter. In the analogous case of 
the hydrogen molecule, calculation shows that 
the HLSP treatment gives a better answer than 
the corrected HMH treatment by approximately 
6 kcal. Furthermore, Weinbaum'® has found 
that the ratio of the ionic to the covalent terms in 
He is approximately 1:4, in better agreement 
with the HLSP treatment than with the HMH. 

From this discussion we are led to expect 
that the HLSP procedure will in general give 


1, Pauling, private communication. 


16S, Weinbaum, J. Chem. Phys. 1, 593 (1933). 
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results in better agreement with experiment than 
the HMH. Since, however, both methods are so 
extremely crude, it seems advisable to consider 
as large a number of specific examples as possible 
before coming to any definite conclusion. 


Hydrocarbons 


In Table I are collected the results of calcula- 
tions for a number of unsaturated and aromatic 
hydrocarbons. The agreement with experiment is 
indicated by the constancy of the values of a 
and of 6 in the fifth and sixth columns, re- 
spectively. It will be seen that the agreement is 
fairly good. From the heats of hydrogenation of 
benzene, Hiickel has derived a further estimate 
of B= —15 kcal. = —0.65 e.v., which is consider- 
ably higher than most of the values in the table, 
but agrees well with that found for graphite. 
(This last calculation was made on the assump- 
tion that the interactions between the different 
planes could be neglected.'?) This variation in 
the values of 6 may result from experimental 
error or may indicate a defect in the method of 
calculation. The mutual consistency of the 
results obtained by the two methods is indicated 
by the’constancy of the ratio B/a given in the 
last column. It will be seen that, if cyclobutadiene 
and cycloéctatetraene are left out of account, 
the extreme variation is only from 0.477 to 0.555, 
which is no larger than might be expected in 
view of the different nature of the approxima- 
tions made in the two cases. 

The discrepancies in the cases of cyclo- 
butadiene and cycloéctatetraene need to be 
considered in some detail. Hiickel considered 
that the HMH treatment was the more reliable 
since it seemed to account more definitely for 
the instability of the four and eight membered 
rings, as compared with benzene but it is doubt- 
ful if his conclusion is justified. If the interactions 
between the electrons were properly considered, 
the calculated energies would be considerably 
altered. A careful investigation of this point, 
which is too involved to be given here, shows 
that the effect is in the proper direction and 
perhaps of the correct order of magnitude to 
bring the results of the HMH treatment into 


17 Cf. J. E. Lennard-Jones, Trans. Faraday Soc. 30, 58 
(1934). Each bond is a double bond one-third of the time, 
instead of two-thirds, as stated by Lennard-Jones. 
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TABLE I. Resonance energies (R.E.) of hydrocarbons. 








R.E. R.E, 


Compound Empirical HLSP 


R.E, 
HMH 





1.000a° 
1.106a°: © 
1.290a» 
2.37a» 
2.04a° ! 


Cyclobutadiene 
Benzene 
Cycloéctatetraene 
Biphenyl 
Naphthalene 
Anthracene 
Phenanthrene 
Phenylethylene 
Stilbene 
Isostilbene 

1,3,5 Triphenylbenzene 
Butadiene 
Hexatriene 
Octatetraene 
Graphite 


—1.7® ev, 


—3.778 
~3.240 
~4'544 
~4.78" 
—2:00" 
— 4.098 
— 3.87" 
ann 7.9» 


1.31a» 
2.59a> 
2.55a» 
4.77a” 
0.232a> 
0.482a» 
“a 0.725a» 
_ g 


0.0084 
2.0084 
1.6684 
4.3884 
3.6884 
5.3284 
5.458" 
2.428% 
4.888» 
4.818 
9.15," 
0.4784 
0.9984 
1.5284 
0.588" 








*L. Pauling and J. Sherman, J. Chem. Phys. 1, 606 (1933). 
bL. Pauling and J. Sherman, J. Chem. Phys. 1, 679 (1933). 
¢L. Pauling and G. W. Wheland, J. Chem. Phys. 1, 362 (1933). 


4E. Hiickel, Zeits. f. Physik 76, 636 (1932). 
© E. Hiickel, Zeits. f. Physik 70, 253 (1931). 


‘ Corrected value obtained by rigorous solution of the secular equation, J. Sherman, J. Chem. Phys. 2, 488 (1934). 
® J. Sherman, private communication. The figure gives the resonance energy per carbon atom. 


4 New calculations by present author. 


agreement with those of the HLSP. Hiickel 
argued further that the ground states of cyclo- 
butadiene and of cycloéctatetraene are degener- 
ate in the HMH treatment as long as the elec- 
tronic interactions are neglected, while that of 
benzene is single, and hence that the instability 
of the former may be partly due to the ease with 
which they can be raised to higher and more 
reactive levels. If, however, the electronic inter- 
actions are included, the degenerate ground 
states are split into levels with separations of at 
least the same order of magnitude as that 
between the two lowest states of benzene.’ It 
seems more likely that the correct explanation 
of the instability of cyclobutadiene and of 
cyclodctatetraene is to be found in the steric 
factors involved, which neither method can take 
into account; in the former the strain is con- 
siderable, while in the latter the large ring 
probably does not lie in one plane. Hence the 
apparent superiority of the HMH treatment in 
these two cases is apparently to be explained as 


the result of a quite fortuitous cancellation of 
errors. 


(riven 


'SCf. the term-diagrams given by Hiickel in his first 
paper, reference 5, pp. 249-251. 


Free radicals 


Pauling and Wheland® have applied the HLSP 
and Hiickel'* the HMH procedure to the problem 
of the dissociation of aryl substituted ethanes into 
free radicals. The two treatments agree in 
ascribing the stability of the radicals to the fact 
that an increase in the resonance energy of the 
system after dissociation partially compensates 
for the energy required to break the ethane bond 
in the original molecule. Obviously, the degree 
of dissociation will be expected to increase with 
this extra “free radical resonance energy.” In 
Table II are collected the results of a number of 
calculations for various radicals. The con- 
sistency of the results obtained by the two 
methods is again indicated by the constancy of 
the ratio of 8/a given in the last column. It will 
be observed that the ratio is not so constant as 
before, varying from 0.587 to 0.927 and that it 
is uniformly higher than was found for the 
hydrocarbons (cyclobutadiene and _ cycloécta- 
tetraene excepted). This discrepancy can be 
explained partially, although apparently not 
completely, on the assumption that the free 
radical resonance energies calculated by the 
HLSP method are too high, in consequence of 
the neglect of excited structures. It is only to 
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TABLE II, Free radical resonance energies of 
substituted methyls. 











Radical HLSP* HMH» B/a 
Phenylmethy] 0.509a@ 0.7208 0.707 
B-naphthylmethyl 0.631la  0.743p° 0.849 
Biphenylmet hy] 0.647a@ 0.75684 0.856 
a-naphthy! methyl! 0.752a 0.8118° 0.927 
Fluory] 0.800a 1.3436° 0.596 
Diphenylmethyl 0.841a@ 1.3008 0.647 
Phenylfluory] 1.076a@ 1.835B¢ 0.587 
Triphenylmethyl] 1.108a@ 1.7948 0.617 
B-naphthyldiphenylmethyl  1.172a 
Biphenyldiphenylmethy] 1.174a@ 1.8198 0.645 
Dibiphenylphenylmethyl 1.235a@ 1.8418 0.671 
a-naphthyldiphenylmethyl 1.240@  1.8568° 0.668 
Tribiphenylmethyl 1.291a@ 1.8598 0.694 








®L. Pauling and G. W. Wheland, J. Chem. Phys. 1, 
370 (1933). Note the corrections in a number of the values 
which are listed at the end of this paper. 

> E. Hiickel, Zeits. f. Physik 83, 632 (1933). 

© New calculations by present author. 

4 For this radical Hiickel gives the value of 0.8978 but 
his calculations are apparently in error. 


be expected, however, that the values of 8/a, 
obtained from systems of different types, may 
not agree perfectly. The comparison of the 
calculations with experiment is rather difficult 
here since the experimental data are both meager 
and inaccurate. It is fairly certain, however, 
that the qualitative order of increasing dissoci- 
ation is: any ethane with less than six aryl groups 
«diphenyldifluoryl<hexaphenylethane < tetra- 
phenyldi-8-naphthylethane < tetraphenyldi-a- 
naphthylethane <diphenyltetrabiphenylethane 
<hexabiphenylethane. ‘Tetraphenyldibiphenyl- 
ethane has not been included in this list since its 
degree of dissociation has never been measured, 
even approximately. It is usually estimated to 
lie between hexaphenylethane and tetraphenyldi- 
8-naphthylethane, but the present calculations 
indicate that this may not be correct. With this 
one possible exception, the HLSP treatment leads 
to qualitatively correct predictions in regard to 
all the hexa-aryl substituted ethanes, while the 
HMH treatment, on the other hand, is in error 
in the case of diphenyldifluoryl. Thus the former 
seems here to be definitely the more reliable, in 
confirmation of the considerations of a preceding 
paragraph. The calculations by the two methods 
disagree further in the comparison of tetra- 
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phenylethane with difluoryl, but in this case no 
experimental data are available. 

The quantitative comparison of the calcula- 
tions with experiment is much less conclusive 
on account of lack of accurate data. The agree- 
ment seems to be somewhat better, in general, 
for the HMH treatment than for the HLSP 
(except in the case noted in the preceding 
paragraph) but it is doubtful if any very great 
significance can really be attached to the quan- 
titative aspects of such extremely crude calcu- 
lations. (Cf. the further discussion of this point 
in the section entitled ‘‘Errata”’ at the end of this 
paper.) 

Aliphatic as well as aryl substituents have 
been found to increase the dissociation of an 
ethane. Pauling and Wheland suggested that 
this effect was due to steric factors connected 
with the large size of the groups concerned but 
the explanation was not very satisfactory since 
it was rather inconsistent with the rest of the 
theory. Consequently, it is of interest to observe 
that by a slight extension of the HLSP method 
of treatment these cases can be taken care of 
without the necessity of introducing further 
hypotheses. As an illustration let us consider the 
molecule m-butane, or sym-dimethylethane. This 
can resonate between the unexcited structure 


H H H H 
| | ft 
H-—C-—C-—C-—C-H 
| | | | 
H H H H 


and several excited ones, such as 


H.H H , 
- 3 
aecoN\C be etc. 


| | dt 
H H H H 


These latter, however, are very much less stable 
than the former since in them two single bonds 
have been broken in order to change a third into 
a double bond. Hence, such structures contribute 
only very slightly to the normal state of the 
molecule and the resonance energy is small. (It 
perhaps should be mentioned here that these 
considerations do not lead to the conclusion 
that the molecule should dissociate spontane- 
ously into ethane and ethylene in the manner 
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indicated (except at elevated temperatures) nor 
are they inconsistent with the principle of the 
constancy of bond energies, since this type of 
resonance, being always present, can be con- 
sidered to make a constant contribution to the 
energies of the bonds concerned.) The dissociated 
ethyl radical can also resonate in a similar way 
between the normal structure 
H H 
H—C-C- 
Li 


and excited ones, such as 
—-H H 


| 
H-C=C etc. 

= 

H H 


It is easily seen that the resonance is much more 


‘effective here than with the undissociated 


molecule since the excited structures lie relatively 
much lower than there. This follows from the 
fact that in the radical only one single bond must 
be broken to change a second into a double 
bond. Consequently the resonance energy of the 
radical is materially greater than half that of the 
ethane and the dissociation of the molecule is 
correspondingly promoted. In the case of ethane 
itself these considerations do not apply since 
resonance of the type described cannot occur. 
Hence we conclude that butane should be more 
highly dissociated than ethane or, in other words, 
that a methyl group is a more effective sub- 
stituent than a hydrogen atom in promoting the 
dissociation of an ethane into free radicals. It 
would be rather difficult to put these purely 
qualitative arguments upon a satisfactory quan- 
titative basis since the values of a number of 
additional integrals would be required. A rough 
calculation, which is not given here on account 
of its extreme crudity, indicates, however, that 
the calculated effects are probably of the correct 
order of magnitude to account for the observed 
differences between primary, secondary and ter- 
tiary alkyl groups.’ Hiickel has proposed a 
similar explanation of these effects upon the 
basis of the HMH treatment. 


‘* J. B. Conant, J. Chem. Phys. 1, 427 (1933). 
*E. Hiickel, personal communication to Professor 
Pauling, 
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Electron affinity of free radicals 


This problem can be easily treated by a slight 
extension of the HMH method. In the case of 
triphenylmethyl, for example, we consider the 
reaction 


(C,H 5) 3C fp E-->(C,H 5) —, 


The energies of the radical and of the ion can be 
calculated in the usual manner. Since the secular 
equations are identical, the only difference 
between the two systems is that the latter 
contains one additional electron. This must be 
assigned to the most stable available orbit, which 
is seen from Hiickel’s calculation for the radical 
to have the energy g. This quantity, however, is 
simply the required electron-affinity and can be 
set equal to the experimentally determined value 
of —59 kcal.”4 or —2.7 e.v. This figure seems 
reasonable, but unfortunately cannot be checked 
by an independent calculation. In general, the 
electron-affinity of a free radical will be of the 
form g+c6, where c is a small constant which 
must be evaluated for each case individually 
from the secular equation. Since, however, is 
also small compared with gq, the second term in 
the expression is of minor importance and so, to 
a first approximation, the electron-affinity has 
a constant value g for all radicals. This result 
seems to be in satisfactory agreement with the 
experimental data. 

It has not been found possible as yet to extend 
the HLSP treatment to problems of this type. 


Acid strength of hydrocarbons 


This problem is quite similar to the previous 
one, and can also be easily treated by the HMH 
method. Let us take triphenylmethane as an 
example. AE for the reaction 


(Cs5H;)3CH—(C.eH;) 3C-+ H+ 


is clearly the difference between the resonance 
energy of the negative ion and that of the hydro- 
carbon, plus some additional terms connected 
with the energy of separating the ions, the heats 
of solvation, etc. If the sum of all these addi- 
tional terms is called k, then we find (using the 
results of Hiickel’s calculations) AE =1.7948+k. 
Since the value of & is completely unknown and 


21H. E. Bent, J. Am. Chem. Soc. 52, 1498 (1930); 53, 
1786 (1931); H. E. Bent and M. Dorfman, 54, 1393 (1932). 
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since, moreover, the relation between AE and 
the dissociation constant is uncertain, this does 
not give a definite solution of the problem. The 
results of the calculation can be used for pur- 
poses of comparison, however, if two further 
assumptions are made; first, that k is constant 
for all the hydrocarbon acids under consideration 
and second, that the difference between the AE 
values for two compounds can be set equal to 
the difference between the corresponding AF 
values. Both assumptions are quite reasonable 
and are essentially the same as those made by 
Pauling and Wheland and by Hiickel in their 
treatments of the free radicals. The ratio of the 
dissociation constants of two acids can now be 
calculated from the relation 


AE, — AE, 2 AF,— AF, =RT In (K2/K,). 


The results of the calculations for several hydro- 
carbons are given in Table III. It will be seen 


TABLE III. Jonization of hydrocarbons. 








K/K.o,a) cu 
obs.» 


Hydrocarbon AE calc.* 





2.008-+k 
1.118+k 
0.72B+k 
1.308+k 
1.798+k 
1.528+k 
1.9868+k 


Cyclopentadiene 
Cycloheptatriene 
Phenylmethane 
Diphenylmethane 
Triphenylmethane 
Fluorene 
Phenylfluorene 


definitely acidic 
not acidic 
«107 

«107 

1 


>2.5 X 104 
>>2.5 x 10% 








® Calculated for 20°C, with B= —0.86 e.v. (— 19.8 kcal.). 
> Numerical values from J. B. Conant and G. W. 
Wheland, J. Am. Chem. Soc. 54, 1212 (1932). 


that if fluorene and phenylfluorene are left out 
of account, the agreement with experiment is 
excellent qualitatively and perhaps satisfactory 
quantitatively. The error in the case of these two, 
however, is too large to be the result of the 
special assumptions used in this calculation; it 
must rather be attributed to the method itself. 
This is apparently a further case in which the 
neglect of the interactions between the electrons 
invalidates the conclusions reached by the HMH 
procedure. 

The HLSP treatment is not so easily extended 
to these systems, since, in the calculations for the 
negative ions orbital as well as spin degeneracy 
has to be taken into account. This results in the 
introduction of several further integrals which 
cannot be readily evaluated. The following dis- 
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cussion of cyclopentadiene will illustrate the 
procedure that must be employed and will show 
the sort of results that can be obtained. The 
problem will be simplified by the neglect of all 
excited structures of the type 


H—C=C—-H 


in which fewer than the maximum number of 
double bonds are formed between adjacent 
carbon atoms. This step is not absolutely neces- 
sary but it greatly facilitates the calculation and 
has the partial justification that, since the 
excited structures contribute more or less equally 
to the energies of both the hydrocarbon and the 
ion, their effect cancels out to some extent. With 
this approximation, then, the resonance energy 
of the hydrocarbon is seen to be zero, since only 
one structure is to be considered. In the ion, on 
the other hand, there is resonance among the five 
equivalent structures 
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The secular equation is found to be 
Q-2,a—-W 2P 
2p Q-30a-W 
20 2P 
20 20 3p 
2a 





2p 2a 


where Q and a@ have their usual significance, p 
and o indicate the integrals 


P= (Vivivovabas | H | WivowoWaavs) 
and 
o = (Wividebsbals| H| YivowsPavays), 


and all further integrals have been neglected. The 
solutions are 


W=Q-—3a+ ) cos 27j/5+46 cos 4217/5 
(j=0, 1, 2, 3, 4). 


Since p and o are presumably negative, the 
lowest of the roots is that with j7=0 and the 
resonance energy becomes p+4c. AE of ioniza- 
tion is thus p+4o0+k. By the same procedure, 
AE of ionization for cycloheptatriene is found to 
be 0.455p+2.4920+k and accordingly the cal- 
culation agrees with experiment in predicting 
that cyclopentadiene should be the stronger acid. 
Unfortunately, it has not been found possible to 
exiend this treatment to more complicated 
systems of this type. 


Basicity of aryl carbinols 


The basic strength of triphenylcarbinol and 
similar compounds can be treated in a manner 
completely analogous to the above. Since, how- 
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Q-ja—-W 2P 
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2P 
2e 
2o 
Q-2a-W 2p 
Q-2za—-W 





1 
2p 


ever, suitable experimental data are not available 
for purposes of comparison, we shall not go into 
the problem here. 


CONCLUSION 


Two methods have been described for the 
quantum-mechanical treatment of unsaturated 
and aromatic organic molecules. In general these 
lead to very similar results but occasionally 
definite discrepancies do occur. In such cases, a 
comparison with experiment shows that the 
HLSP treatment is somewhat more reliable than 
the HMH, a result which can be anticipated on 
the basis of the greater rigor of the former. The 
HMH procedure, on the other hand, has shown 
itself superior to the HLSP in its ability to treat 
a wider variety of problems (although not always 
successfully, as, for example, the acid strengths 
of fluorene and phenylfluorene). This is a con- 
sequence of its simpler mathematical form. In 
general it would seem wise to carry through the 
calculation by both methods wherever possible 
and to check each against the other. 

I wish to thank Professor Linus Pauling for his 
valuable help and criticism in the preparation of 
this paper, and Dr. Jack Sherman for his as- 
sistance in checking many of the calculations. 





Errata 
The Nature of the Chemical Bond. V 


Linus PAULING AND G. W. WHELAND, California Institute of Technology, Pasadena 
(J. Chem. Phys. 1, 362, 1933) 


In this paper a number of numerical errors 
appeared. The corrected values are given below. 

Substitute the following for the corresponding 
lines in Table III, p. 370: 








wWw-Ww’ 


0.6473a 
1.0764a 
1.1738a 
1.2347a 
1.290Sa 


Radical 





Biphenyl methyl 
Phenylfluoryl 
Biphenyldiphenylmethyl 
Phenyldibiphenylmethy] 
Tribiphenylmethyl 








And in Table IV, p. 371: 








He Number Relative 
Position of o values of 


Radical odd electron structures coeff.cients 





methyl carbon 4 


Biphenylmethy]l 1 
bipheny] group 9 


1 
0.5608 


methyl carbon 16 1 
phenyl group 48 0.8861 
biphenyl group 36 0.7816 


Biphenyldiphenylmethyl 


methyl! carbon 32 1 
phenyl group 48 0:8433 
biphenyl group 0.7392 


Phenyldibiphenylmethyl 


methyl carbon 64 


Tribiphenylmethyl 2 
biphenyl group 


1 
0.7007 








The discussion in section (c), page 373, re- 
garding the quantitative agreement of the cal- 
culations with experiment has to be altered 
somewhat in accordance with the corrected 
values of the free radical resonance energies. The 
calculated dissociation constant of hexabiphe- 
nylethane now becomes (3.0)!*4.1 XK 10-4=1.6 
<105. This value is in good agreement with the 
reported complete dissociation of the molecule, 
but may be too high. In general, the constants 
found in this manner for the various hexa- 
arylethanes seem to be uniformly too large, in 
comparison with that of hexaphenylethane. 
This discrepancy may perhaps arise from the 
neglect of excited structures or may be due to the 
fact that we are comparing small differences 
between larger quantities. A third possibility is 
that the value of a assumed in the calculations is 
too large (in absolute magnitude). This would be 
in accordance with the views of Penney.” It is 
significant, however, that the qualitative agree- 
ment with experiment is now perfect, the 
empirical order given on page 368 being repro- 
duced without error. 

22 W. G. Penney, Proc. Roy. Soc. A144, 166 (1934). 





A Calculation of the Equilibria in Keto-Enol Tautomerism 


G. W. WHELAND, California Institute of Technology, Pasadena 
(J. Chem. Phys. 1, 731, 1933) 


Delete the diagonal bonds extending from R to the carbonyl carbon atom in structures XII- 
XVI inclusive (page 733). 





Quantum Theory of the Latent Photographic Image 


T. Howarp JAMEs AND J. J. COLEMAN, University of Colorado, Boulder, Colorado 
(Received March 22, 1934) 


A general formulation involving quantum ideas is given 
for the relation between the amount of photolytic action 
in latent image formation and the amount of light pro- 
ducing it. A method of deducing the number of “‘effective”’ 
quanta per grain necessary to produce developability is 
given. Slow process emulsions require, in general, the 
absorption of from 3 to 4 “effective” quanta. This number 
agrees with that found for physical development by 
Reinders and Hamburger. Faster emulsions require a 


smaller number (1 to 2), showing presumably the presence 
of more highly developed sensitivity centers. The number 
for any emulsion should depend to some extent upon the 
developer used. Parametric equations are given which 
relate the amount of photolytic product to the number of 
developable grains. These equations lead to a characteristic 
curve which has a point of inflection when the number of 
“effective’’ quanta required per grain is greater than one 
but none when the number is equal to one. 





I 


T has been proposed! that during the period 

of light-action upon a photographic emulsion, 
the building up of a developable density is 
accompanied by a reverse reaction. It was 
suggested? that this conception must be in- 
corporated with a quantum theory of latent 
image formation in order to obtain a satis- 
factory relation between the net amount of 
photolytic action and the amount of light pro- 
ducing it. On this basis, a modified form of 
Elder’s equation was derived. 

In the original formulation of the theory? the 
true state of affairs was approximated by 
assuming that the absorption of one quantum 
by a sensitized area, i.e., a more or less restricted 
area containing a pro-nucleus, rendered a grain 
developable and that in considering the effect 
of the reverse reaction we could ignore the grains 
in which that area had absorbed more than one 
quantum. The theory was further marred by the 
use of the notion of a ‘“‘time lag.’’ It is the 
purpose of this paper to develop the theory in a 
more rigorous fashion and to consider some of 
the consequences of this formulation. The 


'Svedberg and Anderson, Phot. J. 48, 272 (1924); 
Liippo-Cramer, Proceedings of the 7th Int. Cong. Phot., p. 45 
(1928) (General references are given.); Kieser, Zeits. f. 
wiss. Phot. 26, 275 (1929) ; Sheppard, Ind. Eng. Chem. 22, 
535 (1930); Blair and Leighton, J. Phys. Chem. 36, 1649 
(1932). 

* James, J. Chem. Phys. 2, 132 (1934). 


assumption that one quantum alone suffices to 
produce a developable grain is valid only in 
special cases. In general, however, the assump- 
tion is untenable* and a method will be given 
for determining (approximately) the number of 
effective quanta required to produce a developable 
center on a grain. However, the gain in elegance 
and precision is somewhat at the expense of 
serviceableness, for we cannot apply the modified 
theory to density measurements unless we are 
dealing with emulsions with a uniform grain 
size and we have given the “‘maximum ideal 
developable density” (i.e., the density which 
would be produced if all of the grains were 
developable). 

Fundamentally, the theory is of great sim- 
plicity. We assume: (1) When a quantum of 
sufficient energy is absorbed by a given grain, 
one ion or perhaps a group of ions are modified 
in such a way that, when a sufficient number of 
modifications are produced within a more or 
less restricted area, a development center results 
and the grain as a whole becomes developable by 
the developer concerned. We shall for con- 
venience term the product of one absorbed 
quantum in an “effective” area of grain an 
“active center,’”’ emphasizing that one of them 
alone does not, in general, constitute a develop- 
ment center. The “‘effective’’ area refers to that 


3 Cf. Sheppard, Trivelli and Loveland, J. Frank. Inst. 
200, 51 (1925): Reinders and Hamburger, Zeits. f. wiss. 
Phot. 31, 265 (i933). 
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region from which the “‘active center’? may act 
with a pro-nucleus, by itself or with other 
similar centers within the region, or with other 
centers alone, to produce a development center. 
(2) These centers have a tendency to change 
either spontaneously or under the influence of 
various agents (light quanta, chemicals, etc.) to 
a non-active state which cannot contribute to de- 
velopability of the grain. (3) If 8 is the number 
of ions (or groups of ions) which are available 
in N grains for the production of active centers 
and s the number of active centers present at 
any time, then the speed of the ‘forward re- 
action” is proportional to (8—s). (4) The speed 
of the “reverse reaction’”’ is proportional to s 
itself. 

The equation for the rate of formation of the 
active centers is then 


ds/dt= K,(8—s) —Kes (1) 


in which K, and Ke depend upon the intensity 
and wave-length of the incident light, the nature 
of the emulsion and other factors. The equation 
yields upon integration and evaluation of the 
constants of integration (we take t=0 when s=0) 


S=Sm(1—e-**) (2) 
or In (1—s/Sm) = —Kt (2a) 
in which 

Sm=B/(1+K2/K)), (3) 


K=K,+K2. (4) 


By Eq. (2) it is evident that s,, is the maximum 
number of centers producible by light of a given 
wave-length and intensity, i.e., the number 
present at equilibrium. 

There is at present no way of counting the 
active. centers and therefore Eq. (2) cannot be 
tested directly. The value of s must be deter- 
mined either from counts of the number of 
developable grains or from density measure- 
ments. As we have already stated, density data 
can only be used with uniform grain emulsions 
and when the value of the maximum ideal de- 
velopable density, b, is known. This information 
is, unfortunately, lacking in the majority of the 
published data. If we know 3, then since the 
density is proportional to the number of develop- 
able grains, we shall have 


k/N=D/b (5) 
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in which k is the number of developable grains, 
N the total number of grains and D the density. 
The ratio s/s», required by Eq. (2a), can be 
calculated from k/N as follows: 

Silberstein* has presented an equation which 
expresses s/N in terms of k/N® and since we 
can put 


$/Sm=(S/N)/(Sm/N) = (s/N)/(S/N)m (6) 


in which (s/N)» is the maximum value of s/N, 
we can thus obtain the ratio s/s». Silberstein’s 
equation is 

r—1 1 


k/N=1—e"!" ¥ — (s/N)i, (7) 


i=0 12° 


where 7 is the number of active centers necessary 
to produce a developable grain. A derivation of 
this equation will be given in the next section. 
Eq. (2a) shows that a straight line should be 
obtained by plotting In (1—s/s,) against t. 
Hence such plots made for various values of 1, 
if a straight line can be obtained, both confirm 
the validity of Eq. (2a) and give us the correct 
value of r. Such straight lines were obtained in 
all of the sets of data tried. In Figs. 1 and 2 we 
give two illustrations. 

The data used to obtain Fig. 1 are by Toy 
(Table 5, reference 2). The graph in this case 
very definitely indicates 3 as the proper value 
of r. Fig. 2 (data by Trivelli and Loveland, 
Table 4, reference 2) does not yield as pro- 
nounced a divergence from a straight line for 
values of r adjacent to the correct value but the 
divergence is definitely present, in this case for 
small values of exposure.* The results obtained 
for other sets of data are given in Table I. In 
some cases the graphs allow no choice between 
two consecutive values of r but definitely exclude 
all others. 


4 Silberstein, Phil. Mag. 5, 464 (1928). 

5 Silberstein’s formula expresses ean, the average effective 
number of quanta in each grain, assuming all to have 
equal area a, in terms of k/N. By the above definition, 
s=eanN, and hence ecan=s/N. We are not, in this paper, 
considering the effect of the size of the grains and formula 
(7) is not restricted to emulsions with uniform grain size 
(see derivation, section IT). 

6 The value of x» where x=k/N for this emulsion was 
redetermined by careful extrapolation to be 0.64. The old 
value, 0.65, yields however the same value of r. 
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Fic. 1. Graph of log 10(1—s/s,,) against exposure, E. 


Strictly speaking, Eq. (7) is valid only for 
cases in which the number of active centers 
required for developability is the same for all 
of the grains in the emulsion. However, at least 
a small fraction of the grains undoubtedly 
require a number of centers different from that 
found for the plate as a whole. 

It is to be expected that the value of r will 
depend upon the emulsion and to some extent 
upon the developer used. The theory of Sheppard, 
Trivelli and Loveland’ that the number of 
quanta required to render a grain developable 
depends upon the size of the “pro-nuclei” 
present in the grain before exposure, is of 
interest in this connection. Reference to Table I 


TABLE I. Values of r for various emulsions. 











Emulsion Grain size Sp/N r Investigator 
Ilford Process 0.32 8.5 3 Toy, Phil. Mag. 45, 
719 (1923) 
Special. Uniform 
grain size — 6.3 3 Toy, Phot. J. 61, 420 
(1921) 
Eastman 40 0.4p2 2.0 2 Trivelli and Love- 
land, quoted by 
Silberstein, Phil. 
Mag. 45, 483 (1923) 
0.1152 7.8-9.2 4-5 Trivelli and Love- 
Eastman Slow land, from Fig. 1. 
Process Silberstein, Phil. 
0.742 10-10.6 3- Mag. 5, 464 (1928) 
(0.98u2 -2.6-5.5  1-3* é 
High speed 1.75y2 3.3 1 L ™/, ee. 44, 
2:75u2 «3.75 1 f 5S (1922) 
Special Eastman 
Lantern slides** _ 3.0-4.8 1-2 Lester, quoted by 


James, J. Chem. 
Phys. 2, 135 (1934) 








* Correct value uncertain, probably 2. 
** Exposure by x-rays. 


_ 


"Sheppard, Trivelli and Loveland, J. Frank. Inst. 200, 
1 (1925). 
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Fic, 2. Graph of log 100(1—s/s,) against exposure, F. 


will show that in one set of data by Toy the 
value of r is one. This emulsion would be, on 
this theory, one which was approaching the limit 
beyond which an emulsion cannot be ripened 
without fog. We should expect that, grain size 
being constant, the sensitivity of various emul- 
sions would depend both upon their power to 
absorb light and upon the value of r. Un- 
fortunately no usable data are available with 
which to test this hypothesis. It is further to 
be noted that in Toy’s data we have three 
different grain sizes. The differences in sensitivity 
exhibited by these sets may well be ascribed to 
differences in the sizes of the grains. 

It is interesting to note that the density- 
exposure data for a-particles fit well within 
the experimental error the simple equation of 
reference (2)* without a “time lag,” i.e., the 
equation 


X= Xm(1—e-**). (8) 


This relation also holds approximately for x- 
rays® indicating in each case that r is probably 
one. This is, perhaps, to be expected in view of 


8 Svedberg and Andersson, Phot. J. 61, 325 (1921). 
9 Svedberg, Phot. J. 62, 310 (1922). 
Trivelli, VIII Int. Cong. Phot., p. 378 (1931). 
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Fic. 3. Characteristic curves determined from the para- 
metric Eqs. (2) and (7). 


the large energy of x-ray quanta and of a- 
particles. 

In the foregoing development no definite 
assumptions were made as to the nature of the 
active centers. The theory is, insofar as the 
development of the quantitative formulation is 
concerned, independent of such assumptions as 
long as the four fundamental postulates enu- 
merated above remain valid. It is nevertheless 
desirable to show the application of this formula- 
tion to modern theory of the mechanism of 
latent image formation. 

The evidence at present points strongly to 
the following mechanism for the primary action 
of an absorbed quantum: 


Br-+hv=Br-e. 


This “. . . photo-ionization process is essentially 
virtual. If the electrons are not taken over by 
silver ions, the halogen atoms by some acceptor, 
the process must reverse.’ If the electron is 
taken over by a silver ion, a silver atom results, 
which is the manifestation of an ‘‘active center.” 

If this mechanism is correct, then the process 
of developable center formation is similar to 
that with which Reinders and Hamburger"! 
were concerned in their studies of physical 
development. It is interesting to note that the 


10 Sheppard, Ind. Eng. Chem. 22, 555 (1930) (Nichols 
Medal Lecture). 

1! Reinders and Hamburger, Zeits. f. wiss. Phot. 31, 32 
(1932) and 31, 265 (1933). 
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value of r is from 3 to 4 for most slow emulsions 
and that this agrees with the results of Reinders 
and Hamburger (most probable value, 4). 

It is not necessary to assume that the value of 
r represents the total number of atoms which 
are produced in the entire grain. It is rather the 
number produced in the “‘sensitive’’ area (used 
in the sense already indicated rather than 
referring to any sensitizing action of dyes) of 
the grain. Only quanta absorbed in this area are 
effective quanta. This area may represent the 
effective area around a sensitivity speck in the 
grain; i.e., that area from which the silver atoms 
could concentrate upon the sensitivity speck and 
thus tend to produce a developable center. 
It is conceivable that this area is dependent 
upon temperature to some extent. Moreover, 
Silberstein’s work indicates that no great error 
would arise in the calculations if there exist 
several such areas upon each grain, as will, 
indeed, usually be the case. 

Fig. 3 gives four “‘characteristic curves”’ calcu- 
lated from the parametric Eqs. (2) and (7). 
The values of r range from 1 to 4, and those of 
Xm are approximately 0.6. It will be seen that 
these curves represent adequately the general 
form of the experimental characteristic curve. 
The presence or absence of a point of inflection 
is governed by the value of 7 and hence is de- 
pendent upon the nature of the emulsion. The 
“time lag’’ previously assumed to exist in certain 
cases’ appears quite naturally and not as some- 
thing foreign to the theory. 


II 


Consider a state of exposure which is the 
result of exactly s quanta, i.e., s quanta have 
been effective in producing “active centers.” 
Any of the quanta can act upon any of the NV 
different grains and accordingly all of the quanta 
can act upon all of the grains in N* different 


ways. 

If, now, it be required that a particular grain 
be unaffected, the number of possible ways in 
which the quanta can act upon the remaining 
grains is (N—1)*. If it be required that this 
particular grain be affected by one and only 
one quantum, this condition can be satisfied in 
exactly the number of ways in which one 
quantum can be chosen out of a total of 5; 
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namely, in s different ways. In each case there 
will be (NV—1)*"! ways in which the remaining 
quanta can act upon the remaining grains. 
Hence, the total number of ways in which the 
grains can be exposed under the condition that 
some particular grain be affected by exactly 
one quantum is s(N—1)*". In general, the 
number of ways of exposing the grains under 
the condition that a particular grain be acted 
upon by exactly 7 quanta is, 
[s!/(¢'(s—2)) }(N-1)*-* 

in which s!/i!(s—z)! is the number of ways of 
selecting 7 quanta out of a total of s. 

If all of the ways of making the grains de- 
velopable are equally probable, then the proba- 
bility that exactly 7 quanta out of a total of s 
effective quanta will act upon a particular 
grain in a given exposure is given by 














s! (N-1)"* — s! 1 — 
is—i)! N*  és—a)!(N—-1)'\ NW J” 


If P is the probability that a given grain be 
affected by at least r quanta, then 


. : s! 1 (—) 
fr iM(s—i)!(N—1)i N 
N-1\7*  s! 1 \ 
7 lasied 
N i=o7!(s—2)!\N-—1 
r-1_—s§} 1 ' 
Cane } 


The first summation is merely the binomial 
expansion of 


(14+41/(N—1))*=(N/(N—1))*, 


therefore 


Put a + s! 1 i 
" -( N ) ewes roid 
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Since both N and s are very large, the fraction 
of the total number of grains which are acted 
upon by at least r quanta (where rs and 
rN) will be (approximately) the same in all 
of a number of exposures of identical plates. 
Moreover this fraction ‘will be the probability 
that a particular grain in a given exposure be 
acted upon by at least r quanta. Hence if & is 
the number of grains that have been acted upon 
by at least r effective quanta, then 


k N-1\° 
eZ) 
N N 


r-1_—ss | 1 ‘ 
Sesh) 
i-07!(s—7z)!\N—1 


This equation is exact but a more convenient 
approximation will be of sufficient accuracy for 
the present purposes. We can put 


((N—1)/N)*= (1-1/N)4OIM we-el®, 





1<XS 





(9) 
r<N. 


since (1—1/N)* is asymptotically equal to e7! 
for large N. Furthermore 


s!/(s—t)!=s(s—1)(s—2)---(s—i+1) 


and since rs, and hence i<s in each term of 
the summation in (9), 


s!/(s—1)!=s? 


approximately. Finally, 1 can be neglected in 
comparison to N in the factors [1/(N—1) ]‘ as 
long as 7 is small. (Note that these last two 
approximations tend to cancel each other.) Eq. 
(9) can now be written: 


r—1 1 
k/N=x=1-e7°'" > —(s/N)*. 


i=02! 


This is the equation first presented by Silber- 
stein.‘ 

















Wave-Mechanical Treatment of the Naphthalene Molecule 


J. SHERMAN, Gates Chemical Laboratory, California Institute of Technology 


(Received June 14, 1934) 


The secular equation corresponding to the forty-two 
canonical structures for naphthalene has been set up and 
solved rigorously (except for the neglect of certain exchange 
integrals), the energy value obtained being 2.0400 greater 
than that corresponding to one of the unexcited structures, 
in which a is the single exchange integral bet ween adjacent 
carbon atoms. The equation has also been solved by 
various simplified procedures, and it has been found that 
the assumptions made in the earlier treatment of Pauling 


and Wheland are to a considerable extent justified. The 
coefficients of the various structures in the wave function 
for the normal state have been evaluated. It has been 
found that of the three unexcited structures the sym- 
metrical one makes approximately a 50 percent greater 
contribution to the wave function than either of the two 
unsymmetrical structures. Some further discussion of the 
magnitudes of the coefficients is given. 





INTRODUCTION 


quantum-mechanical discussion of aromatic 

molecules has recently been given by 
Pauling and his co-workers.! The resonance 
energies of a number of molecules were obtained 
by setting up and solving the secular equations 
corresponding to the canonical structures for 
these molecules. The matrix elements in the 
secular matrix were calculated by the graphical 
method developed by Pauling.” Since the number 
of linearly independent structures increases very 
rapidly with increase in the size of the system, 
the secular equation is usually of very high 
degree. Thus for naphthalene the secular equa- 
tion is of the forty-second degree and for an- 
thracene it is of the four hundred twenty-ninth 
degree. In solving these equations, certain sim- 
plifying assumptions were made so as to reduce 
them to equations of low degree, the main 
assumption being suggested by chemical con- 
siderations; namely, that all first-excited struc- 
tures (which contain one less than the maximum 
number of double bonds) could be given the same 
coefficient in the wave function for the normal 
state, and similarly for second-excited structures 
(which contain two less than the maximum 


1L. Pauling and G. W. Wheland, J. Chem. Phys. 1, 
362 (1933). 

L. Pauling and J. Sherman, J. Chem. Phys. 1, 606, 679 
(1933). 

2L. Pauling, J. Chem. Phys. 1, 280 (1933). 


number of double bonds), etc. In addition it was 
assumed that for very complicated molecules the 
second- and higher-excited structures could be 
neglected entirely without introducing any ap- 
preciable error in the value of the energy. 

It is the purpose of this paper to give a 
thorough treatment of the naphthalene molecule 
and to discuss the errors in the energy value and 
the wave function caused by these assumptions. 
It has been found that the earlier approximations 
are to a great extent justified. 


THE SECULAR EQUATION FOR NAPHTHALENE 


The secular equation for naphthalene is set up 
in the same manner as was done by Pauling and 
Wheland.' Each carbon atom is considered to 
possess two K electrons and four L electrons, one 
for each of the four orbital functions formed by a 
linear combination of one 2s and three 2) 
orbitals. Three of the Z orbitals form single 
bonds to the attached hydrogen atom and the 
two adjacent carbon atoms. The fourth orbital 
for each atom is a pure p orbital projecting at 
right angles to the plane of the ring. Only the 
interactions of the electrons in these orbitals are 
considered and one electron is assigned to each 
orbital; i.e., naphthalene is treated as a tet- 
electron system with spin degeneracy only. 
Furthermore, all exchange integrals of unity and 
all exchange integrals of the energy except single 
exchange integrals between two adjacent atoms 
are neglected. These single exchange integrals 
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are all assumed to have the same value (although 
this is not required by the symmetry of the 
naphthalene molecule) and are denoted by the 
symbol a. The Coulomb integral is denoted by Q 
and the energy by W. The number of canonical 
(linearly independent) structures is forty-two, 
so that the secular equation is of the forty-second 
degree. This can be factored into a sixteenth, a 
fourteenth, and two sixth-degree factors by 
considering the symmetry of the molecule. The 
presence of the two planes of symmetry perpen- 
dicular to the plane of the ring makes it possible 
to form linear combinations of the forty-two 
structures which are symmetric-symmetric, anti- 
symmetric-antisymmetric, symmetric-antisym- 
metric, or antisymmetric-symmetric with respect 
to these two planes. The symmetric-symmetric 
combination, formed by giving all structures in 
a set related by these planes of symmetry the 
same coefficient, gives rise to the sixteenth-degree 
factor, and this alone need be considered in 
evaluating the energy of the normal state. The 
matrix elements of this sixteenth-degree equa- 
tion, each divided by a, are given in Table I, the 


NAPHTHALENE MOLECULE 


Fic. 1. Sets of canonical structures corresponding to the 
secular matrix given in Table I. The number in parenthesis 
following each structure denotes the number of structures 
in the set. The remaining structures are obtained from the 
given one by reflection through the two planes of symmetry 
perpendicular to the plane of the ring. 


symbol x signifying (Q— W)/a. The correspond- 
ing sets of structures are given in Fig. 1. 


SOLUTION OF THE SECULAR EQUATION 


Method 


The secular equation has been solved under 
the following procedures: 


TABLE I. Matrix elements in the secular equation for naphthalene. 
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x/2+4 
5x/2+41/4 
5x/4+31/4 
25x/4+53/4 
5x/2+8 
13x/4+65/4 
5x/2+29/4 
2x+17/2 
x/2+4 
7x/2+29/2 
13x/4+65/4 
5x/2+29/4 
7x/2+23/2 
4x +31/2 
x+29/4 
5x/2+17/4 
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5x/2+29/4 
x+17/4 
2x+10 
5x/2+29/4 
x+7/2 
x+7/2 
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2x+7 
§x/2+11 
2x+23/2 
13x/4+65/4 
x+13/2 

7x +37/2 
5x/2+8 
5x/4+31/4 
x/2+4 
5x+13 
13x/4+53/4 
x+13/2 
7x/2+16 
13x/4+59/4 
§x/2+5 
x+13/2 


x/8+11/8 
x+5 
x/2+4 
5x/2+8 
5x/2+7/2 
x+13/2 
5x/8+25/8 
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25x/4+17/4 
x+29/4 
7x/2+23/2 
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5x/4+25/4 
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$x/2+11 
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2x +13 
25x/4+23/4 
x+23/4 
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I. All structures are taken into account in the 
following ways: 

a. The sixteenth-degree equation is solved rigorously 
by the method described by James and Coolidge.’ 
The procedure consists in substituting two approxi- 
mate values of the root into the determinant and 
then evaluating the determinant. A linear interpo- 
lation or extrapolation of these two values is then 
made in order to obtain a better approximation to 
the root. 

. All first-excited structures are grouped together by 
giving them the same coefficient, and similarly for 
the second and third-excited structures. The re- 
sultant equation is of the fifth degree. 


II. The third-excited structures only are 
neglected, The remaining structures are then 
grouped together as in the previous treatment. 
The resultant equation is of the fourth degree. 

III. Only the unexcited and _first-excited 
structures are considered. The following pro- 
cedures are carried out: 


a. The resultant eighth-degree equation is solved 
rigorously. 

b. All first-excited structures are grouped together by 
giving them the same coefficient. The resultant 
equation is of the third degree. 

. The individual sets of first-excited structures are 
first normalized and then grouped together to give 
a resultant equation of the third degree. 


IV. The quadratic equation involving only the 
three unexcited structures is solved. 


Results 

The results obtained under the various pro- 
cedures for solving the secular equation are 
summarized in Table II. It is seen that resonance 
among the three unexcited structures alone 
yields 1.3703a for the value of the resonance 
energy (procedure IV); this is only 67 percent of 
the total resonance energy. If the first-excited 
structures are now included, the resonance energy 
is increased to 2.0036a (procedure IIIa), each of 
the sixteen structures making an average con- 
tribution of 0.0396a as compared to the average 
contribution of each unexcited structure of 
0.457a. This value of 2.0036a is only 2 percent 
less than the value 2.0400a obtained in the 
complete treatment. If the eighth-degree equa- 
tion involving these structures is reduced to a 


3H. M. James and A. S. Coolidge, J. Chem. Phys. 1, 
825 (1933). 
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cubic by grouping together the first-excited 
structures (procedure IIIb), it is seen that the 
resultant energy value is only 0.0276a less than 
that obtained by solving the eighth-degree equa- 
tion rigorously. If the second-excited structures 
are now included, the resonance energy is in- 
creased to 2.0172a@ (procedure II), each of the 
nineteen second-excited structures making an 
average contribution of only 0.0022a. If all the 
structures are considered, it is seen that the 
energy value resulting from the approximate 
treatment (procedure Ib) is 2.0175a, only 1 
percent less than that obtained by solving the 
sixteenth-degree equation rigorously. The four 
third-excited structures make only a very small 
contribution, the average value per structure 
being only 0.00008 a. 


Conclusions 


The above results indicate that the best ap- 
proximate solution of the secular equation is 
obtained when all of the canonical structures are 
taken into account by grouping together all 
first-excited structures, all second-excited struc- 
tures, etc., as was done by Pauling and Wheland. 
This procedure seems reasonable from chemical 


TABLE II. Resonance energy of naphthalene. 








Total 
energy 


Q+2a 





Single unexcited structure 
. All structures are considered 
a. rigorous solution of the com- 
plete equation 
b. all first-excited structures are 
assumed to have the same 
coefficient and similarly for 
higher-excited structures 
. Third-excited structures are neg- 
lected. Remaining structures are 
grouped as in Ib. 
. Only unexcited and first-excited 
structures are considered 
a. rigorous solution of eighth 
degree equation 
b. all first-excited structures are 
assumed to have the same 
coefficient B 
c. each set of first-excited struc- 
tures is normalized and then 
all are grouped together 
. Only the unexcited structures are 
considered 


0+4.0400a 2.0400a 


Q+4.0175a* 2.0175a* 


2.0172a 


Q+4.0172a 


Q+4.0036a 2.0036a 


Q+3.9760a 1.9760a 


Q+3.9682a 1.9682a 


Q+3.3703a 1.3703a 








* These values differ from those given by Pauling and 
Wheland (reference 1) because of an error in one of the 
matrix elements of their equation, and also because they 
solved the fifth-degree equation only approximately. In 
the secular equation given on page 366, the 3,4 and 4,3 
matrix elements should be corrected to read (531/8)(Q—- W) 
+2175a/8. 
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considerations, inasmuch as all first-excited 
structures have one less than the maximum 
number of double bonds and may therefore be 
expected to contribute about equally to the 
energy of the normal state. In naphthalene the 
error introduced in the energy value by this 
procedure is only 1 percent of the resonance 
energy. It may be expected to increase slowly 
with the size of the molecule. 

Although the error introduced by neglecting 
all second and higher-excited structures in 
naphthalene is only 2 or 3 percent, this error 
may be expected to increase fairly rapidly as we 
go to more complicated molecules, inasmuch as 
the number of these higher-excited structures 
increases very rapidly relative to the increase in 
the number of first-excited structures. Thus, in 
anthracene the total number of canonical struc- 
tures (429) is slightly more than ten times the 
number of naphthalene (42). However, the 
number of first-excited structures increases only 
three-fold (48/16) whereas the total number of 
higher-excited structures increases more than 
sixteen-fold (377/23). 


THE WAVE FUNCTION FOR THE NORMAL STATE 


Having solved the secular equation for the 
energy of the normal state, the coefficients of the 
structures in the wave function can then be 
evaluated in the usual manner. The results 
(before normalizing) obtained under the various 
assumptions used in solving the secular equation 
are tabulated in Table III. It is seen that when 
all the structures are taken into account, as in 
procedure Ib, the coefficients approximate the 
values obtained in the complete treatment 
rather closely, and, moreover, neglect of the 
third-excited structures (II) produces only a 
small change. On the other hand the rougher 
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TABLE III. Relative values of the coefficients of the canonical 
structures of naphthalene in the wave function 
for the normal state. 








Struc- 
tures 


Coefficients under assumption 
in set la Ib Il ‘ 


Ila IIIb IIIc 





1 1 1 1 1 1 
0.854 
21 


0.654 0.618 0.623 0.993 0.851 
-453 -228 , -744 -303 
-283 .228 a -428 .303 
.259 .228 . 352 303 

-228 , -588 .303 
.228 . ob .303 
-228 r 

-084 
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approximations lead to large errors even in the 
relative values of the coefficients for the unex- 
cited structures. 

It is striking that of the three unexcited 
structures, the symmetrical one makes a 50 
percent greater contribution to the wave function 
than either of the two unsymmetrical structures, 
the relative values of the coefficients in the 
complete treatment being 1 to 0.654. It is also 
to be noticed that the coefficient of the sym- 
metrical second-excited structure labelled 9 is 
nearly twice as great as the next largest coef- 
ficient for a second-excited structure and is only 
slightly less than the smallest coefficient of the 
first-excited structures. The coefficient of the 
third-excited structures in set 15 is seen to be 
greater than that for the second-excited struc- 
tures in set 14. 

The above results indicate that the procedure 
which yields the most nearly correct value of the 
energy also yields the best approximation to the 
values of the coefficients. 





The Theory of the Structure of Hydrogen Peroxide and Hydrazine 
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The method of electron pairs has been applied to 
determine the most stable configuration for the atoms in 
the molecules HO—OH and H2N—NHg2. The calculations 
show that free rotation cannot occur in either of these 
molecules at ordinary temperatures and that the only 
stable forms are those in which the azimuth of one-half of 
the molecule with respect to the other is approximately 
90°. The essential feature of the argument is that the 


electrons of the two central atoms arrange themselves to 
form the strongest possible bonds and in so doing render 
the charge density on these atoms unsymmetrical about 
the axis of the molecule. The interaction of the two elec- 
tronic clouds is the dominant factor in determining the 
azimuth of one group relative to the other; all other types 
of interaction have been estimated to shift the equilibrium 
position only slightly, i.e., probably from 90° to 100°, 





INTRODUCTION 


N a contribution! to the recent Faraday 

Society discussion on dipole moments we 
proposed, for the hydrogen peroxide molecule 
HOOH and the hydrazine molecule H2NNHz2, 
forms which are highly unsymmetrical. We were 
led to our conclusions from a theoretical investi- 
gation of the electronic structures of these 
molecules, whence it appeared that the most 
important factor determining the azimuth of 
one-half of the molecule with respect to the 
other was the interaction of the two electronic 
clouds on the central atoms. It is the purpose of 
the present paper to describe the method of 
calculation rather than to discuss experimental 
facts which can be understood in the light of the 
final conclusions. The latter has been done 
already! and it was shown, for example, that the 
unsymmetrical forms of these molecules give a 
simple explanation of their large dipole moments 
and weak Raman spectra. 

Two distinct methods have been developed 
for predicting the nuclear configuration of simple 
polyatomic molecules from a knowledge of 
the electronic configurations of the constituent 
atoms. These are known respectively as the 
méthod of electron pairs and the method of 
molecular orbitals and each has acheived a con- 
siderable measure of success. The strength of 


1W. G. Penney and G. B. B. M. Sutherland, Faraday 
Society Discussion on Dipole Moments, Oxford, 1934. 


the former method lies in the fact that the 
energy of the polyatomic molecule is obtained 
directly as a sum of exchange integrals, the 
coefficients of a few of which depend on the 
angle parameters determining the configuration 
of the molecule. Although the magnitudes of the 
exchange integrals are not known accurately, 
yet from the way in which the various angle 
parameters appear in the energy expression, it 
is often possible to decide which is the most 
stable configuration for the nuclei. On the other 
hand, the orbital method involves the solution 
of a secular determinant of very high order, in 
which the magnitudes of the resonance integrals 
are uncertain and the angle parameters appear 
on and off the diagonal. Unless this secular 
equation can actually be solved, either exactly 
or by some approximate method, to give the 
energy of the molecule as a linear combination 
of resonance integrals with coefficients depending 
on the angle parameters, one cannot in general 
determine the most stable configuration. The 
orbital method is best applied to the calculation 
of energy states when the arrangement of the 
atoms in the molecule is already known, because 
then symmetry properties usually ensure suffi- 
cient factorization of the secular equation to 
render it soluble. In what follows, we are 
interested only in the relative energies of various 
configurations, rather than in the exact evalua- 
tion of the energy states of one particular 
configuration, and shall therefore employ the 
method of electron pairs. 
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HYDROGEN PEROXIDE 


The normal state of the oxygen atom is 
(1s)?(2s)?(2p)**P but when the atom is in 
chemical combination with other atoms the L—S 
structure is partially destroyed. For accurate 
calculations on divalent oxygen one must there- 
fore adopt wave functions which are linear 
combinations of those of *P, 'D and 'S. It is a 
very good approximation with oxygen, but not 
with carbon or nitrogen, to neglect the presence 
in the wave function of states obtained from the 
ground configuration by promoting, for example, 
an electron from the 2s to the 2p shell. This is 
because the greater stability which the molecular 
bonds would thus acquire is not capable of 
supplying sufficient energy for the promotion. 

The four 2p electrons of an oxygen atom in 
the divalent state can have only one reasonable 
disposition. Two are taken with the same orbital 
wave function but with opposite spins; the other 
two are taken with their axes of quantization 
perpendicular to each other and to that of the 
first pair. The latter two can then be considered 
as having their spins free and ready to form 
bonds with electrons on other atoms. Hence the 
L-S structure of the oxygen atom affects the 
energy of the H.O. molecule in a way which 
depends very little on the angle parameters. 
Since we are interested solely in determining the 
best values of these parameters, we shall neglect 
the L—S forces altogether and base our calcu- 
lations simply on (2p)*. 

For convenience we shall append a suffix a to 
any quantity relating to one of the OH groups 
and a suffix b to those of the other (Fig. 1). 





Fic. 1. The HOOH molecule. 


Next, we take right-handed and left-handed sets 
of orthogonal axes (x, y, s) and (x’, y’, 2’) on O, 
and O,, respectively, with z and 2’ collinear but 
of opposite sense and with the xz plane con- 
taining H, and the x’s’ plane containing Ho. 
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Let ¢ denote the angle between the x and x’ axes 
and @ stand for either of the equal angles H,O.O, 
or H,0,0,. 

The choice of paired wave functions? is then 
as follows: 


¥a(2pa:), 
Vu(2po:z), 
¥o(2po.), 
Wul2poy), Yal2poy); 

W(2poy), wWo(2poy). J 


Here, for example, ¥.(2p0.) means a 2p wave 
function located on the O, nucleus, with m,=0 
referred to the z axis of quantization, and has 
the form 2f(r). 

For the evaluation of the energy we have the 
well-known expression 


W=d QtetD Jii—2D Six 
i,k i k 


i,k 
ik 


Wi(2po.); 
Wu.(1s); 
yuy(1s); 


in which the J;; terms arise from the exchange 
energy between two electrons forming a bond, 
while those denoted by —}/J% come from the 
exchange energy between two electrons in differ- 
ent bonds. The terms Q,;, are the ordinary 
Coulomb forces between electron i on one atom 
and electron j on another. It is necessary to 
introduce two types of diatomic integral, those 
in which one electron is on an oxygen atom and 
the other on a hydrogen atom, and those where 
both electrons are on oxygen atoms. These 
integrals have been defined and discussed else- 
where’ but are repeated below for convenience. 


Qes= ff Yulsi)¥a(as) 1’ Yu(si)¥a(B2)dordor 


N.s= -{ Wala) Wu (Se) LT’ Po( Be) bu (si)dvidv2 
(3) 
Ou0w™ f f Yalers)yo(Bs) HT’ Wal-v1) ¥o(52)d0id0e; 


Capxs= = ff ¥olas)¥o(Bs)11'bo(rs) Yo dn)dorder, 


2 We shall show later, when we come to consider the 
best value for 6, that some of the wave functions (1) have 
to be slightly modified in their directional properties. 
This correction may be disregarded for the present. 

3 W. G. Penney, Proc. Roy. Soc. Al44, 166 (1934). 
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Here JI’ is the usual diatomic perturbative 
potential for the two nuclei appearing in the 
integral. 

Although it is not a difficult matter to write 
down the energy W given by (2) in terms of the 
integrals (3), we shall confine our attention for 
the moment to that part of W which depends on 
@. Thus we neglect interaction between atoms 
not coupled by bonds and disregard the terms 
due to van der Waals and ionic forces. Then 6 
is clearly 7/2 and W can be written 


W =Const.+3(Crerr— Crr'z’z) COS? 
+ (Dyesr— Des's's) cos? d. 


The value of (Cyrrx—Crr'z’x) has been given as 
1.5 e.v. by Pauling and Wheland‘ and as 0.72 e.v. 
by one of the authors.’ The sign of (Drrrz 
— D,x’'x) is certainly positive, and according to 
Bartlett and Furry‘ is about equal in magnitude 
to (Crrer— Cre’r’e). It is unfortunate that there 
is this uncertainty in the value of the coefficient 
of cos? ¢ but it is surely safe to assume that the 
change in W as ¢ varies from 7/2 to 0 or = is 
not less than half a volt and is most probably 
around one volt. It only remains to be shown 
that the above is the dominant factor in deter- 
mining the shape of the molecule, and that the 
contributions from steric repulsions, ionic inter- 
actions and van der Waals forces in favor of 
more symmetrical dispositions of the atoms are 
not sufficient to alter appreciably the value 
o¢=7/2 or to permit of free rotation about the 
O—O axis. 

The expression for the energy of H2O: is a 
function of the angles @ and ¢ and if a value of 
6 is postulated then the value of @ which makes 
W a minimum clearly depends on the value of 
6 chosen. However, the energy is not equally 
sensitive to changes in these angles, being much 
more affected by changes in @ than by changes in 
¢. This follows since the energy of the OH bond 
depends strongly on 6, having its minimum at 


4L. Pauling and G. Wheland, J. Chem. Phys. 1, 362 
(1933). 

5 W. G. Penney, Proc. Phys. Soc. London (1934). 

6 J. H. Bartlett, Phys. Rev. 37, 507 (1931); W. Furry 
and J. H. Bartlett, Phys. Rev. 38, 1615 (1931). Actually 
Drrrx is about twice as large as Cyyzy With a=«R=5, 
and about equal at a=6. The equilibrium value a@ of 
the Q—O distance in H,Q, is probably about 6. 
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6=7/2. To determine the values of 6 and ¢ 
governing the most stable configuration we adopt 
a process of iteration, i.e., we choose a likely 
value of @ and, keeping it fixed, we determine the 
best value of ¢. Then using this value for ¢ we 
try to verify whether our original assumption for 
6 is a good one. 

Accordingly, let us for the moment make the 
rather naive assumption that for all values of ¢ 
the net influence of H, and O, on H, is the same 
as would be the steric repulsion on H, of the 
other hydrogen atom in a water molecule con- 
taining H, and O,. The angle @ is then the angle 
of the water molecule, which evidence from 
several quarters’ has shown to be between 100° 
and 110°. We shall use for the present the value 
employed by Theilacker® in his calculations on 
the electric moment of H2Os, viz. @2= 110°. From 
the Morse function of Eyring and Polanyi® we 
can now estimate the steric repulsion between 
H, and H, as a function of ¢, provided we 
neglect the partial migration of the hydrogen 
electrons to the oxygen nuclei. Assuming that 
the O—O and O—H distances are 1.4A and 
1.0A, respectively, we arrive at the following 
values for the variation of the H,—H, steric 
repulsion with ¢ (Table I). By taking a value of 


TABLE I. 








¢° 0 30 90 180 
0.192 0.107 





W e.v. 0.212 0.057 








6 less than 110° it is found that these interactions 
become considerably larger, particularly near 
o=0. 

It might appear at first sight as though the 
interactions of H, on O, and of H, on O, would 
depend only on @, but when one takes account 
of the fact that the density of electric charge 
around the oxygen atoms does not possess axial 
symmetry, it becomes evident that this inter- 
action will also have a dependence on ¢. The 


7R. Mecke ef al., Zeits. f. Physik 81, 313, 445, 405 
(1933); J. H. Van Vleck and P. C. Cross, J. Chem. Phys. 
1, 357 (1933). 

8 W. Theilacker, Zeits. f. physik. Chemie B20, 142 (1933). 

°H. Eyring and M. Polanyi, Zeits. f. physik. Chemie 
B12, 279 (1933). We use, however, only 30 percent instead 
of 35 percent Morse function, 
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variation in W caused by this effect as ¢ changes 
from 2/2 to 0 or m can readily be estimated 
from a table of integrals given by Ireland." 
By denoting the angle H,O,O, by a, the required 
variation in energy may be written in Ireland’s 
notation as 


5W=sin? al 2J/z(p*p, bb) —2Jn(p*p, bb) 
—Ksz(pb, p*b)+Ku(pb, p*b) ], 


where these integrals are to be evaluated at the 
H,O, distance. As shown later, the value of the 
effective internuclear distance R corresponding 
to this is very close to 5. At this value of R, the 
positions ¢=0 or zw are only 0.04 e.v. more 
stable than the position ¢=7/2. This effect is 
therefore of minor importance. 

Another type of interaction which contributes 
terms to the energy depending on ¢ is that 
arising from the mutual potential energy of the 
two OH dipoles. The evaluation of this effect 
by quantum mechanics is too difficult to be 
carried out here but it is easy to make a classical 
calculation which will give its approximate 
magnitude." The dipole moment of the OH 
groups arises chiefly because some electronic 
charge migrates from its symmetrical position 
around the protons towards the oxygen nuclei. 
As an approximation we shall assume that the 
electric moment due to such a distortion of the 
electronic cloud may be represented by a point 
dipole situated two-thirds of the way along the 
OH line from the O atom and having its axis 
in the direction OH. Then applying the well- 
known formula for the mutual potential energy 
of two dipoles, we find that the variation of W 
with @ due to this effect is given by Table II. 
It is seen that the variation is not very large. 

Summing up, we find that if @ is maintained 
at 110°, the variation of the energy with ¢ is 


” C, Ireland, Phys. Rev. 43, 329 (1933). 

“A molecule where the dipole interaction may be 
important is (CH,OH)—(CH:Cl). The dipole moment of 
this molecule has been found to be independent of temper- 
ature over a wide range. Zahn (Faraday Society Discussion 
on Dipole Moments, Oxford, 1934) accounts for this by as- 
suming that the H atom of the OH group resonates between 
being attached to O and to Cl, thus holding the O and the 
Cl together. It seems more natural to suppose that it is 
the interaction of the two ionic groups which prevents 
free rotation in this molecule. 
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TABLE II. 








180 


0.139 


° 0 90 
W e.v. 0.280 0.180 











represented by a curve similar to that shown in 
Fig. 2. The potential energy is greatest at ¢=0 
(or ¢= 27 of course) because here the 2p7—2pr 
interactions between the electrons of the oxygen 
atoms, the interaction between dipoles and 
between H atoms, are all large. Only the lack 
of axial symmetry of oxygen charge density 
favors this position, and this effect is small. The 
secondary maximum at ¢=7 arises because the 
2px—2p7 interaction is partially compensated 
by the low values of the other types of inter- 
action. The heights of the maxima are perhaps 
one volt and half a volt, respectively. The best 
value of @ would appear to be somewhere 
between 90° and 100°; in our calculation! of the 
dipole moment of H:O2 we assumed the value 
100°. 














180 270 360° 


Fic. 2. The curve shows the variation in the energy of the 
HOOH molecule as the azimuth ¢ of one OH group to the 
other sweeps out the range 0=¢—=27. An exactly similar 
curve applies to the energy of the Hx2N—NHz2 molecule. 
For HOOH the rough values of the maxima are H= 1.0 e.v. 
and h=0.5 e.v., and for H2N—NH2, H=0.33 e.v. and 
h=0.2 e.v. The latter must be considered as more likely to 
be under- rather than overestimates. 


The variation with @ 


It is necessary now to investigate in greater 
detail the assumption that the best value of @ 
is 110° when ¢ is maintained at 90°, approxi- 
mately its best value. To do this we consider 
separately the various terms in the energy 
depending on @ and find where their sum has 
its minimum. Before performing the calculations, 
however, we shall endeavor to explain the ideas 
underlying them. In the first place, if the 
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assumption of perfect pairing is made and all 
other interactions are neglected, 6 has the value 
90°. The repulsive interactions of O, and Hy» on 
H, force H, off the x-axis and thus increase @. 
If the c—o bond between the oxygen atoms were 
infinitely strong, the disposition of the bonding 
electrons on the oxygen atoms would remain 
unaltered, one having its axis of quantization 
along z and the other along x. Actually, however, 
the axis of symmetry of the electron which is 
bonded to that of H, will tilt a little from the 
x-axis, say through an angle ye, in order to 
preserve the O—H bonding energy as much as 
possible. Orthogonality conditions then require 
that the axis of symmetry of the other bonding 
electron of O, also tilt through an angle yo, 
this time from the z-axis. If we denote by y¥1 
the angle between the line HO, and the axis of 
quantization of the electron of .O, which is 
coupled to that of H., we have (Fig. 3) 


= w/2+it vo. 


The relation between y¥; and yz is determined 
by the relative strengths of the O—H and O—O 
bonds. 








Fie. 3. 


The dependence of W on ¥; and y2 is given in 
the equation” 


W=Const.+3(Nr2— Nos) cos? Wi 
—3 cos! V2Coeee/2+ M(Haz, H,) 


+2M(Ha, Ov)+J1(a, 6). (4) 


In this expression the second and third terms 
correspond respectively to the energies of the 
O—H and O—O bonds, while (Ha, Hz) repre- 
sents the steric repulsion of the two H atoms 
and 2M(H.z, O,) the steric repulsion of H, on O, 
and H; on O,. Finally I(a, b) gives the interaction 
between the two OH dipoles. 


12 We have neglected certain C integrals, the values of 
which are very small. 
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Next we investigate the relation between 
¥, and yo. Since Cosco is approximately equal to 
(Nee—Nzx) and y and ye are both small, (4) 
may be rewritten 


W=Const.— 3A (1— 2) —3A (1— 22”) /24+---, 


and as (¥i+w2) is fixed, this expression for IW 


is clearly a minimum when ¥;= ¥2. Hence 


W=Const.+ 6(Neo— Naw) V+ M(Ha, Ho) 
+2M(Ha, Ov) +I (a, 6), (5) 


where 2¥=0—7/2. It now remains to evaluate 
the various terms in (5) and so find the value of 
6 for which W is a minimum. 

The only term which offers any difficulty is 
M(H,, Ov) and the exact method by which it 
was obtained is described in the next paragraph. 
The function M(H., H») was obtained simply 
from the Morse function of Eyring and Polanyi; 
the function J(a, 6) was obtained from the 
classical interaction of two dipoles; the value 
taken for (N,e— N;,) was 2.9 e.v." Fig. 4 shows 


Te 


0 Py ye 


DNSZ 
Pi —3 


a iia I 
. A >° 


1) 5 10 











Fic. 4. The figure shows the variation in the energy W 
of the HOOH molecule with y =(@—90)/2. The best value 
of @ is seen to be 100°. The constituent parts of W as 
given in Eq. (5) are shown as I, II, II] and IV, respectively. 


the variation of the separate terms with 0, and 
the upper curve shows W. It is seen that the 
best value of y¥ is about 5°, corresponding to 
é= 100°. 


The function M(H., O,) 


The energy of an OH molecule in terms of 
Ireland’s integrals, to the approximation of (2) is 


18 J. H. Van Vleck, J. Chem. Phys. 2, 20 (1934). 
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HYDROGEN 


W(OH)=2J(ss, bb) +3Jn(p*p, bb) +Js(p*p, bb) 
—K(sb, sb)—3Ku(pb, p*b)/2+Ks(pb, p*b). 


Using the table of integrals given by Ireland, 
we find that this has its minimum at R=2.63. 
Now the O—H internuclear distance in the 
equilibrium position is known to be very nearly 
1.0A and this gives us immediately the scale 
for R. Once again in terms of Ireland’s integrals, 
the mutual energy of O, and H, in the position 
¢=7/2 is 
5W=[2J(ss, bb)+3JIn(p*p, bb)+Jz(p*p, bb) 

— K(sb, sb)—3Knun(pb, p*b)/2 

—Kx(pb, p*b)/2 |—sin® al Jn(p*p, bb) 

—Js(p*p, bb) |+sin® al Kn(pb, p*b) 

—Kx(pb, p*b) |/2, 

where @ is the H,O,O, angle. The O,H, distance 
in Angstroms is readily determined for various 
values of 6 from the known O—O and O—H 
distances and the corresponding values of R are 
obtained from the scale factor already discussed. 
The variation of 6W with @ is then found by 
using the table of integrals given by Ireland. 
As one would expect, the expression of 6W is 
very sensitive to changes in the O—O distance. 
Fortunately, however, @ is rather insensitive to 
such a variation in 6W so that on the whole our 
estimate of @ has a range of uncertainty of only 
a few degrees. 

As a criticism of the above calculations, it 
might be urged that the numerical values em- 
ployed for the integrals give far too low an energy 
of dissociation for the water molecule. Thus 
Coolidge’? finds from calculations similar in 
principle to those of Ireland, a theoretical value 
3.5 e.v., assuming nonpolar wave functions, and 
5.7 e.v. including polar terms, in contrast with 
the observed value 10 e.v. However, in our 
calculations on 6 we are balancing various terms 
against each other and, as theoretical values are 
used throughout, it seems unlikely that our 
estimate 6= 100° is far out. 


HYDRAZINE 


Calculations can be made on hydrazine very 
similar to those already described for hydrogen 
peroxide. The two additional hydrogen atoms 
complicate matters to some extent but the chief 


* A. S. Coolidge, Phys. Rev. 42, 189 (1932). 
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difficulty arises from the fact that the (2s)? shell 
of the nitrogen atom shows a distinct tendency 
to break up under the influence of neighboring 
atoms. As a consequence, one has to deal not 
with a pure configuration (2s)?(2p)* but with a 
mixture of (2s)*(2p)* and (2s)(2p)*. Although it 
is not possible to estimate the “coefficient of 
mixing’ very accurately, yet its approximate 
value is readily perceived. As before, the L, S 
forces of the central atoms can be neglected 
since they have little to do with deciding the 
azimuth of one NH» group with respect to the 
other. 

In a first attempt at constructing a model for 
the hydrazine molecule, one would naturally 
adopt for the three valencies of the nitrogen atom 
the three mutually orthogonal bonds of (2))*. 
Neglecting interactions between atoms not 
coupled by bonds, the molecule thus obtained 
would have the angles HNN, HiNiHoe, HsNeHs,, 
all 90°, and free rotation would occur about the 
N—N axis. However, when various types of 
steric repulsion are included, it is found that the 
interaction between the hydrogen atoms alone 
is sufficiently large to prevent free rotation at 
ordinary temperatures. In fact, the molecule is 
fixed quite firmly in the trans position, and in 
consequence this model has zero electric moment. 
The experimental observation'® that the dipole 
moment is quite large (1.8310-'’) can only 
mean that there exists a more stable configura- 
tion than the one described. 

Consider one of the 2s electrons extracted 
from a nitrogen atom; there remains a configura- 
tion (2s)(2p)’, identical with that of the tetra- 
valent carbon atom. Now it is well known that 
the four valencies of the carbon atom are disposed 
tetrahedrally, and that their great bonding 
power arises from the hybridization of the 2s 
and the 2p wave functions.'® If the 2s electron 
which was removed from the N atom is now 
restored, not into the 2s orbit but into one of the 


4%. F. Audrieth, W. Nespital and H. Ulich, J. Am. 
Chem. Soc. 55, 673 (1933). 

16 The hybridization of the s and p wave functions in 
the N atom was first discussed (with reference to the NH; 
molecule) by J. H. Van Vleck, J. Chem. Phys. 1, 219 
(1933). The importance of the hybridization has been 
further emphasized by W. G. Penney, Proc. Roy. Soc. 
(1934). 
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already singly-occupied tetrahedral orbits, then 
an N atom is obtained with powerful valence 
bonds along three of the tetrahedral directions 
and with a-pair of electrons of opposite spins 
occupying the fourth.'? A hydrazine molecule 
constructed from such nitrogen atoms is the 
most stable one possible (Fig. 5). An alternative 








H, H 

N, 

N2 
H 

H, . 

(a) (b) 
Fic. 5. Elevation (a) and plan (b) of the H2N—NHsg 
molecule. 


way of picturing its formation is to imagine a 
hydrogen atom removed from each of two 
ammonia molecules and the two NHg residues 
coupled together along the line of their free 
valencies. 

The tetrahedral wave functions can be written 
very simply as 


¥e= 2 ¥w(25)+ (3) yw (2po:) J, 


where ypy(2po.) means a 2p wave function 
centered about the N atom with its axis of 


17 We do not wish to imply that the bonds are exactly 
at the (regular) tetrahedral angle 109.5°, nor that the 
disposition of the bonds and the angle parameters of the 
model are unmodified by the various steric repulsions, 
ionic interactions and van der Waals forces. However, 
for our purpose these are small corrections and can be 
ignored. 
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quantization along the tetrahedral direction . 
Using such wave functions and adopting the 
pairing of spins in the way discussed above, we 
find that the dependence of the energy W on 
the azimuth ¢ is given by 


W=K-+4 cos? $[ (Drerr— Dae'r's) 
+3 (Cress Cre'n'n) |/9. (6) 


Here K represents the effect of steric repulsions, 
ionic interactions and van der Waals forces and 
includes as well terms of the C and D types with 
coefficients depending on ¢, but whose magnitude 
compared with that of C,.+, or Drrrx is negligible. 
Just as with HOOH it can readily be shown that 
the second term in (6) is the dominant factor in 
determining the relative orientation of the two 
NHg groups. There is no essential difference in 
the method employed, i.e., the various inter- 
actions (steric, ionic, etc.) are estimated for 
different values of ¢, assuming #@=110°. In 
performing the calculations we employed for the 
N—N distance'® the value 1.5A and for the 
N—H distance!® the value 1.02A. The final 
result is that the equilibrium position ¢=90° 
given by the second term of (6) alone is perhaps 
modified to ¢= 100°. Thus the curve illustrating 
the dependence of W on ¢ is similar to that of 
Fig. 2 with J7= 3 volt and h=} volt. 

We wish to thank Professor T. M. Lowry for 
helpful discussion of the chemical aspects of the 
present paper. 


18 This was estimated from Badger’s formula (J. Chem. 
Phys. 2, 218 (1934)), by using 900 cm™ as an approximate 
value of the frequency corresponding to the symmetrical 
oscillation of the two halves of the NH2— NH» molecule. 
Compare data on the Raman spectra of N2H,, Imanishi, 
Papers Inst. Tokyo 16, 1 (1931); Sutherland, Nature 126, 
916 (1930). 

19 This is taken from Dennison and Uhlenbeck’s deter- 
mination of the dimensions of the NH; molecule from 
infrared data, Phys. Rev. 41, 313 (1932). 





The Dipole Moments of the Methyl and Ethyl Halides 


C. P. SMytu AnD K. B. McAcpine, Frick Chemical Laboratory, Princeton University 
(Received May 21, 1934) 


The dielectric constants of the vapors of the methyl and ethyl halides have been measured 
in order to obtain accurate values for their dipole moments. The increase in inoment from the 
methyl to the ethyl halide accords with the previously advanced hypothesis of an inductive 
effect, but the change in the increase with change in the halogen involved points to the influence 
of an additional factor. The change in moment from compound to compound is compared 
with the change in the Raman frequency associated with the carbon-halogen bond. 





ECAUSE of the importance of the dipole 
moments associated with the carbon-halogen 
bonds and because of interest in the effect of the 
carbon chain upon the moment of the molecule, 
it has seemed desirable to make accurate de- 
terminations of the moments of the methyl and 
ethyl fluorides, bromides and iodides in the vapor 
state, the chlorides having been previously so 
determined.!. Moreover, results on the alkyl 
halides in solution gave abnormally high values 
for the atomic polarization, which suggested the 
possibility of a gradual increase in moment with 
rising temperature, a possibility requiring thor- 
ough investigation. Although the values reported 
by Mahanti? 2.00 10-'§ for ethyl chloride and 
2.03X10-'§ for propyl chloride are in excellent 
agreement with the accurately determined values 
of Sanger and Fuchs, his value 2.0010-'® for 
methyl chloride is considerably higher than the 
1.86 X 10-'§ found by both of these investigators. 
The similar identity which Mahanti reports in 
the cases of the methyl, ethyl and propyl 
bromides and the iodides is so different from the 
behavior found in solution* that his moment 
values could not be regarded as a basis for 
discussion. 
The dielectric constants were measured with 
the apparatus previously described,‘ except that 


'R. Sanger, Helv. Phys. Acta 3, 161 (1930); Phys. 
Zeits. 32, 20 (1931); O. Fuchs, Zeits. f. Physik 63, 824 
(1930), 

*P. C. Mahanti, Phys. Zeits. 31, 546 (1930). 

°C. P. Smyth, Dielectric Constant and Molecular Struc- 
ture, p. 102, New York, The Chemical Catalog Co., Inc., 
1931, 


‘McAlpine and Smyth, J. Am. Chem. Soc. 55, 453 
(1933), 


the gold-palladium cell used by Zahn*® was 
employed in the measurements on ethyl fluoride 
and the iodides. As in earlier work,® the polar- 
ization P was calculated from the dielectric 
constant eand the molar volume V as P= [(e—1) / 
(e+2) ]V, the polarization-pressure curve at each 
absolute temperature 7 being extrapolated to 
zero pressure to obtain a value for use in the 
Debye equation, P=a+b/T. The value of the 
atomic polarization was calculated as Pa=a 
— Px, the difference between a, the total induced 
polarization, and Peg, the molar refraction 
extrapolated to infinite wave-length. The dipole 
moments were calculated from the values of } as 
uw =0.01273 X 10-18(6') and should be in error by 
no more than 0.01 «107°. 


PREPARATION AND PURIFICATION OF MATERIALS 


Methyl fluoride 


Methy] fluoride was prepared from potassium 
fluoride and potassium methyl sulfate by the 
method described by Bennett.’ Different frac- 
tions of the material, even the first and last, gave 
polarization values differing by less than the error 
of measurement. 


Ethyl fluoride 


261 grams of mercurous fluoride prepared 
according to Ruff* and 207 grams of ethyl iodide, 
purified as described below, were allowed to react 


5 C. T. Zahn, Phys. Rev. 24, 400 (1924). 

6 Smyth and McAlpine, J. Chem. Phys. 1, 190 (1933). 

7W. H. Bennett, J. Am. Chem. Soc. 51, 377 (1929). 

80. Ruff, Die Chemie des Fluors, p. 34, Berlin, Springer 
(1920). 
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under ordinary pressure in a vessel made of black 
iron pipe provided with suitable caps for the 
ends. The reaction vessel was maintained at 
about 70°, and the effluent gases were passed 
upward through a glass spiral surrounded by a 
toluene bath maintained at —35 to —30° in 
order to remove most of the ethyl iodide vapor 
carried along and then into a trap maintained at 
—78°, where the reaction product condensed. 
The 40 cc of liquid thus obtained was evaporated 
through long drying tubes of calcium chloride 
and phosphorus pentoxide and again condensed. 
This material was then given a series of fraction- 
ations between large traps, and the various 
fractions were tested for vapor pressure and 
polarization. The first fractions showed high 
vapor pressures because, apparently, of the 
presence of ethylene, but the later fractions, the 
last 5 cc having been discarded, had vapor 
pressures between 401.9 mm and 410.6 mm, 
corresponding to a boiling point range of less 
than 0.5°. The polarization values determined 
for three fractions within these limits showed no 
detectable differences. Two 5 cc fractions differ- 
ing by 2.1 mm in vapor pressure were combined 
and measured to obtain the following vapor 
pressure values: —50.0°, 406.1 mm; —40.0°, 
687.9 mm; —37.8°, 760 mm. The boiling point 
— 37.8° thus obtained is considerably lower than 
the value —32° given by International Critical 
Tables, but it is believed that so large a dis- 
crepancy cannot arise from the small quantities 
of impurities presumably remaining in the ma- 
terial here measured, which is judged to be of 
satisfactory purity. Small quantities of the 
material obtained in previous preparations of 
inadequate yield had vapor pressures approxi- 
mately equal to the values found for this large 
preparation. 


Methyl bromide 


Kahlbaum’s material was passed through spiral 
wash bottles containing water and concentrated 
sulfuric acid, then through drying tubes filled 
with calcium chloride and phosphorus pentoxide, 
and finally was condensed in a trap. The 
polarizations of the first and last fractions of the 
material were identical within the limits of 
experimental error. 
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Ethyl bromide 

Merck’s C.P. material was shaken three times 
with concentrated sulfuric acid, once with water, 
once with 10 percent sodium carbonate solution, 
then three times with water. It was dried over 
two separate portions of calcium chloride, then 
over phosphorus pentoxide, and was finally 
fractionally distilled; b.p., 37.9-38.1°; mp”, 
1.42443. 


Methyl iodide ' 

Merck’s methyl iodide was shaken several 
times with portions of water, dried, first over 
calcium chloride, then over phosphorus pentox- 
ide, and finally fractionally distilled; b.p., 42.6°; 
Np’, 1.53067. 


Ethyl iodide 

Ethyl iodide from the Sterling Products Com- 
pany was shaken with mercury until the yellow 
color was gone, filtered, shaken repeatedly with 
fresh portions of water, dried, first over calcium 
chloride then over phosphorus pentoxide, and 
fractionally distilled; b.p., 72.4-72.6°; np”, 
1.51336. 


EXPERIMENTAL RESULTS 


As a check upon the accuracy of the apparatus 
seven runs were made with air at 28.1°C and at 
pressures between 925 and 1122 mm. When 
reduced to 0° and 760 mm, they gave a mean 
value 581 for (e—1) 10°, identical with that 
found in the earlier measurements.‘ After the 
gold-palladium cell had been substituted for the 
copper cell and a larger fixed condenser intro- 
duced into the apparatus, ethyl bromide vapor 
was run at 412.2°K for comparison with the 
value obtained with the copper cell. The mean of 
seven determinations of the polarization, 81.96, 
was half a percent lower than the value 82.38 
previously obtained with the copper cell, a 
difference so small as to affect the moment value 
by no more than 0.005 x 10-8. 

The error in the polarization values caused by 
the use of the ideal gas law in their calculation is 
eliminated by the extrapolation to zero pressure 
to obtain the values of Py given in Table I. The 
polarization-pressure curve at these pressures is a 
straight line, usually obtained by plotting six or 
eight polarization values at each temperature 
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TABLE I. Polarization values. 








T, °K P00 Po Zz, K Ps00 





Methyl fluoride 
224.0 99.84 
237.4 95.14 

a 89.04 
83.66 
76.74 
69.86 
62.38 
57.70 
53.66 
49.40 


Ethyl bromide 
98.20 303.4 106.0 
93.90 
87.94 
83.12 
76.40 
69.68 
62.26 
57.60 
53.60 
49.37 


105.2 
93.64 
86.04 
78.4 


306.6 
352.3 
394.7 
441.4 


Methyl iodide 
04.7 73.86 


313.4 
345.9 
398.6 
446.7 
494.4 


71.95 


Ethyl fluoride 
236.2 108.5 
298.4 88.88 
328.8 81.62 
372.5 73.37 
65.90 
59.26 
54.14 


107.3 
88.60 
81.34 
73.26 
65.90 
59.26 
54.14 


Ethyl iodide 

348.3 92.05 
411.4 81.00 
434.3 78.44 
463.2 74.60 


422.0 
480.8 
534.6 


Methyl bromide 

306.2 80.98 
309.1 80.18 
330.8 75.57 
368.0 69.16 
405.9 64.12 


79.60 
78.85 
74.40 
68.40 
63.85 








against the pressures at which they are de- 
termined. The course of each curve is shown by 
giving as P59) the polarization value at 500 mm, 
sometimes obtained by extrapolation. In the case 
of methyl iodide, the values of P50 are omitted 
at the higher temperatures where the slopes of 
the curves are uncertain. As the temperature 
rises, the decreasing difference between P59 and 
P, shows the decreasing deviation of the vapor 
from ideal behavior, the difference often being 
undetectable at the highest temperatures meas- 
ured. The Po values are used to calculate by the 
method of least squares the constants given in 
Table II. The values of a and uw for methyl and 
ethyl chloride are the means of those obtained by 
Sanger! and Fuchs.' The last column of Table II 
gives the increase in moment from the methyl to 
the corresponding ethyl halide. 
DISCUSSION OF RESULTS 

The atomic polarizations of these substances, 

with the exception of ethyl fluoride, have been 


included in the discussion of the problem of 
atomic polarization in an earlier paper,? where 


TABLE II. Constants of methyl and ethyl halides. 








(C2Hs- —CH3-) 
X 1018 


b p X 1018 


1.808 
1.92 0.11 
1.86! 
2.03! 17 
1.78 
2.02 24 
1.59 
1.90 31 
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20170 
14.04 22760 
13.6! 
19.31 
15.40 
21.49 
20.22 
25.71 


19580 
25080 
15650 
22290 
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°C. P. Smyth, J. Chem. Phys. 1, 247 (1933). 
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they served to prove the incorrectness of some 
abnormally high values obtained from measure- 
ments on liquids. A revision of the data has 
altered a number of the values somewhat, 
increasing the accuracy sufficiently to make 
apparent an increase in P, from the methyl to 
the ethyl compound in accordance with the 
general tendency previously observed'’ for an 
increase in P,4 with increase in the number of 
atomic nuclei or groups in the molecule. 

The decrease in moment from the chloride to 
the iodide is much less pronounced than in the 
case of the hydrogen halides, for which the values 
are 1.03, 0.78, and 0.38 « 10~-'8 for HCl, HBr and 
HI, respectively.° This rapid decrease in the 
hydrogen halides, in spite of the increased nuclear 
separation, is undoubtedly due to the increased 
shift of negative charge toward the positive 
because of the increasing polarizability of the 
halogen.'! As the positive charges of the methyl 
group are not as near to the negative charges 
of the halogen as is the proton in the hydrogen 
halides, the displacement of the negative charges 
should be smaller in the methyl halides so that 
the moments should fall off less rapidly with 
increasing halogen polarizability. A rough value 
0.8 X 10-'§ may be calculated for HF by assuming 
the ratio of the HF moment to the observed HCI 
moment to be equal to the ratio of the moment 
values calculated by Kirkwood" for these two 
molecules. Although this value may be too 
approximate to be significant, it is interesting to 
note that it is lower than the HCl moment, while 
the values for methyl and ethyl fluoride are also 
slightly lower than those for the corresponding 
chlorides. 

It is obvious that there are, at least, two 
opposing factors determining the moments. In- 
crease in the carbon-halogen distance should 
tend to increase the moment, while increase in 
the halogen polarizability should decrease it. It 
appears that the 0.35A increase in the distance 
between the carbon and halogen nuclei from the 
fluoride to the chloride more than compensates 
for the increase in halogen polarizability, while 
the effects of the smaller increases in nuclear 
separation, 0.15A from the chloride to the 


10 C, P. Smyth, J. Am. Chem. Soc. 51, 2051 (1929). 


1C, P. Smyth, Phil. Mag. 47, 530 (1924). 
12 J. G. Kirkwood, Phys. Zeits. 33, 259 (1932), 
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bromide and 0.19A from the bromide to the 
iodide, are overbalanced by the greater electronic 
shifts permitted by greater polarizability. The 
decrease in moment produced by changing from 
one halogen to the next larger increases by 
0.12+0.01 X 10—'* for each change in going down 
the series from fluoride to iodide in both the 
methyl and the ethyl halides. Thus, the difference 
between CH;F—CH;Cl=—0.05 and CH;Cl 
—CH;Br=0.08 is —0.13 and the difference be- 
tween CH;Cl—CH;Br=0.08 and CH;Br—CHslI 
=0.19 is —0.11. The difference between the 
corresponding methyl and ethy] halides increases 
by 0.07X10-'8 with each change from one 
halogen to the next larger. 

It was shown years ago*®:™ that the greater 
moment of an ethyl halide as compared to a 
methyl was presumably due to the moment 
induced in the second carbon by the principal 
dipole in the carbon-halogen bond. Beyond this 
second carbon the effect of induction is practically 
negligible as far as the moment is concerned since 
higher primary alkyl halides were found to be 
practically indistinguishable in moment from the 
ethyl compound, a result confirmed in the case of 
the chlorides by Sanger’s' value 2.04 107'® for 
propyl! chloride vapor and a value 2.04 x 10—"§ for 
butyl chloride vapor shortly to be published from 
this laboratory. However, a secondary alkyl 
halide has been found to have a larger moment 
than a primary, while a tertiary has one still 
larger, indicating that, when additional carbons 
are brought within the effective field of the 
principal carbon-halogen dipole, measurable 
moments are induced upon them. A branch 
farther along the chain, as in an isobutyl halide, 
does not increase the moment, the field due to the 
principal dipole being apparently insufficient to 
induce a detectable moment in these more 
remote carbons. 

The precise location of the principal dipole in 
the carbon-halogen bond is not known, but it has 
seemed reasonable to locate it 7/8 of the distance 
from the carbon nucleus to the halogen nucleus" 
and calculations of induced. moments based on 
this assumption have given good agreement with 
observed values.* The distance of the principal 
~18C, P, Smyth and H. E. Rogers, J. Am. Chem. Soc. 
52, 2227 (1930); C. P. Smyth and R. W. Dornte, ibid. 53, 
545 (1931). 

41. Meyer, Zeits. f. physik. Chemie B8, 27 (1930). 
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dipole from the second carbon of the ethyl halide 
should increase with increasing size of the 
halogen and its inductive effect upon the charges 
of this carbon should, therefore, decrease unless 
the principal dipole itself increases. Although a 
rough calculation of this principal dipole moment 
gave 0.91 and 1.15 X 10! for methyl fluoride and 
methyl chloride,*® a similar calculation gives 1.18 
for the bromide and 1.14X10-'8 for the iodide. 
The increasing methyl-ethyl difference with 
increasing halogen size is, therefore, contrary to 
what would be predicted on the basis of inductive 
effect and indicates that some other factor must 
play a part. 

It is interesting to note qualitative analogies 
and differences between the alkyl halide moments 
and the Raman frequencies associated with the 
carbon-halogen bonds.’ The frequency which 
probably corresponds to a longitudinal vibration 
in the carbon-halogen line drops from the methyl 
to the ethyl and remains constant as the carbon 
chain is lengthened from two to five atoms just as 
the moment remains constant in the case of the 
chlorides after a rise from methyl to ethyl. A 
secondary chloride shows a further decrease in 
frequency and increase in moment and a tertiary 
chloride a still further decrease in frequency and 
increase in moment. Branching of the chain at the 
second carbon increases the Raman frequency, 
but, as far as can be judged from measurements 
on the liquid, leaves the dipole moment identical 
with that of the normal compound. Branching of 
the chain at the third carbon or beyond in the 
halides leaves both the Raman frequency and the 
moment unaffected. Generally, in these com- 
pounds, decrease in frequency appears to ac- 
company increase in moment. However, the 
decrease in frequency from methyl to ethyl 
becomes smaller with increasing halogen size, in 
part, at least, a mere mass effect, while the 
increase in moment becomes greater. 

The writers wish to thank Dr. Albert L. Henne 
of Ohio State University for advice on the 
preparation of ethyl fluoride and to express their 
indebtedness to the National Research Council 
for a grant-in-aid, which has made possible the 
completion of a portion of this investigation. 


6 W. D. Harkins and H. F. Bowers, J. Am. Chem. Soc. 
53, 2425 (1931); W. D. Harkins and R. R. Hann, ibid. 
54, 3920 (1932). 
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The Kinetics of the Homogeneous Thermal Decomposition of Ethyl Ether at 
Pressures up to Two Hundred Atmospheres 





E. W. R. STEACIE AND ERNEST SOLOMON, Physical Chemistry Laboratory, McGill University, Montreal 


(Received May 28, 1934) 


A new and simple apparatus is described by means of 
which it is possible to investigate the kinetics of homo- 
geneous gas reactions up to pressures of several hundred 
atmospheres. With this apparatus the decomposition of 
gaseous ethyl ether has been investigated at 426°C over 
the pressure range 2000 to 14,500 cm. The rate of reaction 
increases rapidly with pressure up to 10,000 cm and then 


increases more slowly. The rate at 14,500 cm is approxi- 
mately 50 times greater than the previously assumed 
value at infinite pressure. It is shown that by assuming 
that the number of degrees of freedom involved varies 
with the time between molecular collisions it is possible 
to explain these results. Further investigations are in 
progress. 





INTRODUCTION 


REACTION may be quite definitely desig- 

nated as unimolecular, the rate constants 
of which show a characteristic behavior in that 
they tend to a constant value as high pressures 
are approached, but fall in value as one goes to 
low pressures. “‘As a matter of fact,’’ to quote 
0. K. Rice,! “‘in many cases . . . this is a state- 
ment of theoretical expectation rather than an 
experimental fact, since the limiting high pressure 
rate has not been reached experimentally.” It 
was therefore considered to be of interest to 
extend the range of experimental investigation 
to as high a pressure as possible. 

According to the Hinshelwood theory? (theory 
I)’ of homogeneous unimolecular reactions, on 
plotting 1/k against 1/P a straight line with an 
intercept at 1/k,, should be obtained. The 
theories of Rice and Ramsperger* (theory II) 
and of Kassel’ (theory III) demand a curved 
plot, the curvature being greatest when the 
number of squared terms involved is large. 
However, the latter two theories depend, for 
their complete verification, in by far the ma- 
jority of cases, upon an extrapolation to the high 
pressure rate based upon theory I, i.e., a linear 





Rice, J. A. C. S. 54, 4558 (1932). 

*Hinshelwood, Proc. Roy. Soc. A113, 230 (1926). 

*This method of identification of current theories 
follows the usage of Rice and Ramsperger. 

‘Rice and Ramsperger, J. A. C. S. 49, 1617 (1927). 

* Kassel, J. Phys. Chem. 32, 225 (1928). 
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extrapolation of 1/k against 1/P is used although 
this is almost certainly incorrect. It is therefore 
very desirable to approximate experimentally as 
closely as possible to the high pressure rate. 

The localized energy theories (II and III) also 
predict different Arrhenius heats of activation at 
low and high pressures. While the difference in 
energies of activation may be too small to be 
evaluated experimentally in most cases, the 
general result predicted is that the rate should 
fall off more rapidly at higher temperatures as 
the pressure is lowered ; this effect should be most 
pronounced with large values of n. 

A further possibility attendant upoa_ in- 
creasing the experimental pressure range has 
been pointed out by O. K. Rice.* Over an 
extended pressure range it may be possible to 
have several transitions from unimolecular to 
bimolecular rates in the case of a complex 
molecule. Fletcher and Hinshelwood’ also bring 
forward evidence indicating the possibility of 
several activated states for a given molecule, 
these different activated states having different 
transformation probabilities. 

There are, then a large number of inducements 
for extending the pressure range of kinetic 
measurements. Experiments at low pressures 
have yielded results of great importance, and 
high pressure rate measurements may reveal 
further material of theoretical value. 


6 Rice, Zeits. f. physik. Chemie B7, 226 (1930). 
7 Fletcher and Hinshelwood, Proc. Roy. Soc. Al41, 41 
(1933). 
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At the time this investigation was initiated 
some work had already been done in what may 
be termed the high pressure range. Kistiakowsky® 
investigated the hydrogen iodide decomposition 
at concentrations up to seven moles per liter. 
Nagasako and Volmer® followed the effect of 
pressure on the kinetics of the decomposition of 
nitrous oxide up to 800 cm, the reaction being 
found to remain unimolecular as the pressure was 
increased. Newitt and Vernon’® reported an 
investigation of the decomposition of diethyl 
ether at pressures up to 17 atmospheres, but 
aside from suggesting a chemical mechanism 
drew no theoretical conclusions from their work. 
Coffin and Geddes! have recently reported a 
study of the transition from paraldehyde to 
acetaldehyde over a range extending from a few 
millimeters to eighteen atmospheres; they find a 
rather unexpected decrease in rate with increased 
pressure. 


APPARATUS 


The apparatus finally devised is extremely 
simple in principle. A quantity of the reactant is 
introduced by distillation into a steel reaction 
vessel which is connected to a pressure measuring 
device by steel capillary tubing, the gas pressure 
being transmitted to the gauge through a liquid. 
The course of the reaction is then followed by 
observing the change of pressure with time. 

The complete assembly is shown in Fig. 1, and 
the detailed construction of the reaction vessel in 
Fig. 2. 


Reaction vessel 

A eylindrical bar of ‘“‘Stabrite’’ stainless steel 
8 inches long and 1.5 inch external diameter was 
drilled to a depth of 7.5 inch, the bore being 0.75 
inch in diameter. The upper end of the hole was 
widened to 1 inch diameter and tapped to take a 
stainless steel adapter. This adapter (part 5, 
Fig. 2), after being seated firmly was welded 
into place, particular care being taken to ensure 
the absence of slag holes in the weld. The emer- 
gent end of the adapter had a 0.25 inch bore and 


8 Kistiakowsky, J. A. C. S. 50, 2315 (1928). 

® Nagasako and Volmer, Zeits. f. physik. Chemie B10, 
414 (1930). 

10 Newitt and Vernon, Proc. Roy. Soc. A135, 307 (1932). 

1 Coffin and Geddes, J. Chem. Phys. 2, 47 (1934). 
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Fic. 1. Reaction vessel complete assembly. 


was machined down to 0.5 inch diameter. The 
upper surface was scored with a circular 60° 
V-groove. The volume of the bomb was 47 cc. 
The method of coupling the bomb to the 
tubing was a modified form of that employed by 
the Fixed Nitrogen Research Laboratory (U. S. 
Department of Agriculture).!2 A small collar of 
stainless steel was made to screw on the tubing 
end. A union nut of machine steel was then 
screwed down tightly on the adapter as indicated, 
drawing the tubing and adapter ends firmly 
together and thus compressing the inserted 
annealed copper gasket. The copper flowed into 
the V-groove on the adapter end, and into a 


12 Curtis, Fixed Nitrogen, p. 267, New York, Chemical 
Catalog Co. (1932). 
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Fic. 2. Details of reaction vessel. 


similar groove scored on the tubing end, and so 
formed a gas-tight joint. No part of the union 
was then exposed to the gas pressure. Difficulty 
was encountered, due to lack of suitable equip- 
ment, in scoring the tubing end uniformly, and 
also in providing perfectly plane surfaces on the 
two ends to be brought together. It was found 
necessary on this account to exert exceptional 
force on an 18 inch spanner in order to effect a 
gas-tight joint. 


Tubing 


The stainless steel tubing was made to 
specifications (by the Summerill Tubing Co.), 
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0.5 inch external diameter and a capillary bore of 
approximately 0.05 inch. The tubing was bent 
cold into the shape indicated in Fig. 1. The end 
of the tubing affixed to the bomb has been 
described; the other end which formed one arm 
of a U-bend was threaded to take an adapter, 5, 
made of machine steel with two 0.75 inch milled 
flats. This adapter was tapped so as to take any 
one of several adapting units or a Bourdon 
gauge. 

At the end towards the bomb the tubing was 
wound with a small nichrome heating element. 
Insulated from this by a few turns of asbestos 
rope was placed a thermocouple junction en- 
closed in a Pyrex tube, C. The thermocouple and 
heating element were then tightly wrapped with 
several turns of asbestos rope as indicated at /7 in 
Fig. 1. 


Gauges 


Bourdon gauges were used to follow the change 
of pressure during the reaction. Two Crosby, 8.5 
inch dial, AIH gauges were employed: One was 
graduated in 20 lb. units from 0 to 1500 Ibs. /sq. 
inch, the other was graduated in 100 lb. units 
from 0 to 5000 Ibs./sq. inch. When in use their 
tubes, made of rust resistant steel, were filled 
with butyl phthalate. 

The gauges were guaranteed by the manu- 
facturers to be accurate to within 1 percent of 
the maximum graduation at any part above the 
first 5 percent of the scale. In practice the first 15 
percent of the scale was seldom used. In order to 
calculate rate constants only a series of differ- 
ences in pressure over a comparatively short 
range were required. It was therefore considered 
justifiable to assume that the true difference 
between any two readings in a single run was 
equal to the difference indicated by the gauge 
within the limits set by other sources of experi- 
mental error. Since rate measurements checked 
well within the possible experimental error, it 
was not deemed necessary to recalibrate the 
gauges. As a matter of interest, however, the low 
pressure gauge was checked against the vapor 
pressure of carbon dioxide at 0°C and 20°C; the 
pressures indicated were 515 and 835 lbs./sq. 
inch, respectively, checking well with the ac- 
cepted values ((I.C.T.) of 506 and 831 Ibs./sq. 
inch. 
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Fic. 3. Complete apparatus. 


As has been frequently pointed out, Bourdon 
gauges tend to “creep’’ with long use, and 
periodic recalibration is necessary. During the 
period of this research, however, neither of the 
gauges was in operation for a total time exceeding 
50 hours, and only seldom were they subjected to 
more than 75 percent of the maximum dial 


reading. 


Experimental procedure 


The bomb assembly was connected with a 
glass filling system through a rubber stopper and 
a cup shaped metal adapter. The reaction vessel 
was then cooled in an acetone-carbon dioxide 
mixture, and purified ethyl ether was introduced 
by distillation. This was followed by a thread of 
mercury which filled the steel capillary tubing to 
the bend next the bomb. The U-bend was then 
cooled, freezing the mercury, and butyl] phthalate 
run in above the mercury. 

The bomb assembly was then removed from 
the filling unit, the gauge was screwed tightly 
into place, and the entire unit suspended as 
indicated in Fig. 3. The bomb was placed in the 
pre-heating furnace D, which was constructed 
from a hinged organic combustion furnace and 
fitted around the bomb. The bomb was preheated 
to a temperature about 50° below that at which 
reaction takes place at an appreciable rate. The 
heating element J/ was kept about 50° above the 
critical temperature of the reactant in order to 
prevent the formation of a liquid phase during 


the reaction. The temperatures of the furnace D 
and the heater /7 were followed by a furnace 
pyrometer. 

From this stage on all manipulations were 
made by the operator seated facing the plate 
glass mirror /, and protected by a stout housing 
of ? inch planks fitted with laminated safety 
glass windows. During the pre-heating period 
the acetone-carbon dioxide mixture surrounding 
the U-bend warms up until the mercury in the 
capillary melts, allowing the pressure being built 
up in the bomb to register on the gauge. When 
the pressure reading has reached its maximum 
constant value, the air furnace is swung open. 
Simultaneously the counterweight J is gently 
given an upward impetus and a portion of the 
weight removed. The bomb sinks rapidly into a 
six liter bath of molten lead until only the union 
nut appears above the surface. Pressure readings 
are then taken at frequent time intervals by 
means of a telescope directed at M. 

When the bomb is first introduced the temper- 
ature of the lead bath drops several degrees, but 
within a minute the temperature may be brought 
to the desired equilibrium value. On account of 
the high heat capacity of the lead, fluctuations in 
temperature are reduced to a minimum, 4 
constancy of +1°C being maintained by manual 
control throughout a run. The temperature of 
the bath was measured by means of a chromel- 
alumel thermocouple and could be read to about 
0.2°C. 
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When a run had progressed sufficiently to give 
all the desired information, the bomb assembly 
was withdrawn from the lead bath and allowed 
to cool in the air. The bomb was then cooled in 
an acetone-carbon dioxide mixture, and when the 
pressure had dropped to 600 Ibs. per sq. inch or 
less the mercury in the U-bend was frozen and 
If the products of the 
reaction were to be disearded, the bomb was 
inverted and, when the mercury melted, the gas 
pressure forced out the mercury and butyl 
phthalate in the capillary. If it was desired to 
collect the products of reaction for analysis they 


the gauge removed. 


were allowed to enter an evacuated two liter 
flask through a steel needle valve. The bomb and 
capillary were then rinsed out with ether prior to 
making another run. 


EXPERIMENTAL RESULTS 


Pressure-time data for runs at various pres- 
sures are given in Table I and are plotted in 
Fig. 4. 
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TABLE I. Pressure-time data for runs at various pressures. I, time in minutes; II, pressure, lbs./sq. in. 
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Fic. 4. Pressure-time curves. 
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0 0 

1 2300 1 
2 2390 1.5 2750 
4 2520 2 2780 
5 2570 2.75 2840 
6 2620 4 2940 
7 2680 5.75 3090 
8 2780 7 3195 
9 2830 8 3280 
10 2900 9 3380 
12 3045 10 3470 
15 3240 12 3630 
20 «+3535 = 15 3900 
25 3720 20 4290 
30 =3900)—S 25 4590 
60 4795 7 4870 
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A. Initial pressure=26.9 atm.; reaction vessel C; 
temperature 426°C; k=1.1X 1074 sec.~. B. Initial pressure 
=34.4 atm.; reaction vessel C; temperature 424.5°C; 
k=2.5X 10 sec.-!; kaoe= 2.7 X 1074 sec.~ (calc.). C. Initial 
pressure = 40.8 atm. ; reaction vessel C; temperature 424°C; 
k=2.7X10-4 sec.; ksog=3.0X1074 sec. (calc.). D. 
Initial pressure=61 atm.; reaction vessel A; temperature 
426.5°C; k=4,0K 107 sec. ; k425=3.9X 1074 sec.7 (calc.). 





E. Initial pressure=92 atm.; reaction vessel A ; tempera- 
ture 428°C; k=7.1X10™ sec. ; ka2¢=6.4X10 sec. 
(calc.). F. Initial pressure=121 atm.; reaction vessel C; 
temperature 426°C; k=6.7 X10~ sec.—'. G. Initial pressure 
= 167 atm.; reaction vessel A ; temperature 425°C; k=6.3 
X1074 sec.; k426=6.7X1074 sec. (cale.). H. Initial 
pressure = 190 atm. ; reaction vessel A ; temperature 424°C; 
k=6.3X 1074 sec.—!; kaze = 6.9 X 10 sec.~! (calc.). 
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Fic. 5. Results plotted according to Guggenheim method. 


The rate constants have been calculated 
directly from the pressure-time readings using 
the method of Guggenheim," which is particu- 
larly suitable since it requires knowledge neither 
of the initial pressure nor of the initial time. The 
linearity of the curves in Fig. 5 shows the 
applicability of the method. The method has 
been applied to find the initial rate constant 
with reference to fractional pressure increase, 
rather than a rate constant which might be 
calculated therefrom by correcting for the 
number of moles of gas formed per mole of ether 
decomposed. The method by which the true rate 
constants are obtained from these values is 
described later. The experiments have varied 
slightly as to temperature, ranging from 424 to 
428°C. In order to bring all to a common basis 
for comparison, the rate constants have been 
recalculated to 426°C by assuming an energy of 
activation of 53,000 calories per gram molecule. 
Since, at most, the correction is made for 2°C, 
the error that may be introduced is negligible 
even if the energy of activation’ assumed _ is 
erroneous in the region under investigation. 

For the purpose of plotting rate against 
pressure an approximation to the initial pressure 
must be made. When the pressure readings of an 
individual run are plotted against time it is 
found that the curve (Fig. 6) obtained is divided 
into three more or less distinct portions. The 
first portion may be attributed to the thermal 


13 Guggenheim, Phil. Mag. 7, 538 (1926). 
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Fic. 6. Determination of initial pressure. 







increase in pressure of the gas on passing from 
the pre-heating temperature to the temperature 
of the lead bath; this portion is characterized bya 
rapid increase of pressure which gradually 
decreases in rate. During the next few minutes 
the rate of increase of pressure picks up again, 
this being due to the reaction process starting 
while the superimposed thermal increase is 
drawing to a close. Finally the curve smooths out 
again and becomes a. purely logarithmic rate 
curve. To determine the initial pressure a 
sufficiently accurate approximation may be 
made by extrapolating the pure reaction curve 
until it meets the extrapolated thermal expansion 
curve. 













COMPARISON OF RESULTS AT HIGH AND Low 
PRESSURES 







The decomposition of diethyl ether was first 
studied by Hinshelwood.“ His rate measure- 
ments have since been confirmed by Steacie" and 
by Kassel'* within a range of one or two degrees 
in the absolute temperature scale. Hinshelwood 
represents the rate by the equation 








14 Hinshelwood, Proc. Roy. Soc. Al14, 84 (1927). 

5 Steacie, J. Phys. Chem. 36, 1562 (1932); J. Chem. 
Phys. 1, 313 (1933). 
16 Kassel, J. A. C. S. 54, 3641 (1932). 
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In k= 26.47 —53,000/ RT. 


Kassel!” finds, on recalculation of Hinshelwood’s 
data, that the results may be more satisfactorily 
given by 

In k= 26.35 —53,000/RT. 


O. K. Rice and Sickmann!* have published a 
preliminary note on rate measurements at low 
pressures (0.15 to 490 mm), and find an activa- 
tion energy of about 60,000 calories compared to 
Hinshelwood’s 53,000. They also report tenta- 
tively the appearance of a second unimolecular 
reaction at these low pressures. Newitt and 
Vernon!® have extended the measurements up 
to a pressure of about 17 atmospheres. Their 
results indicate an energy of activation ap- 
proximately equal to that found by Hinshelwood. 

Hinshelwood gives the following equation as 
representing the main reaction over the range 
150 to 500 mm: 


C,:H;OC2H;= 2CHs,+0.5C2H,+ CO. 


This would indicate a pressure increase of 250 
percent, but Hinshelwood found the pressure 
increase in general to be about 188 percent; at 
lower pressures the increase may have been 
somewhat larger, approaching 210 percent, 
although the experimental accuracy was in- 
sufficient to establish this definitely. 

Newitt and Vernon in the pressure range from 
3 to 14 atmospheres found the pressure increase 
to be 17542 percent. They interpret their 
results, in the light of analyses, as indicating a 
dual mechanism. The ether molecule is supposed 
to decompose in two ways: 


(1) CsH;OC2H;=HCHO+CH,+CsH, 
HCHO=H.2+CO 
CoHy+He= CoHg. 


(2) C,H;OC;H;=CH;CHO+C;H, 
CH:CHO=CH,+CO. . 


Analyses carried out at various stages during 
single runs indicate that the formation of 
acetaldehyde and ethane is favored at higher 


ED 


" Kassel, Kinetics of Homogeneous Gas Reactions, New 
York, 1932. 

'SRice and Sickmann, J. A. C. S. 54, 3778 (1932). We 
ae indebted to Dr. Rice for permitting us to see his 
complete results before their publication. 

Newitt and Vernon, Proc. Roy. Soc. A135, 307 (1932). 
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pressures. There would seem to be no a priori 
reason for expecting this. In any case it seems 
probable that the variation of the products with 
pressure is due to secondary reactions rather 
than to a change in the primary step, since the 
activation energy does not vary with pressure. 


The products of the reaction 


A comparison of the products obtained in the 
various investigations is given in Table IT. 


TABLE II. The products of the reaction. 








Tem- 

pera- 
Pressure, ture, COe,C2Hs«, CO, CHa, CoHe, He, 
C G y 7 Oo, GG GC 


Observer atm. e % % % Ve Zo 





477 0.0 27.9 54.4 
30.8 47.9 
31.4 32.2 31. 
30.6 33.3 31. 
26.5 33.3 32. 
30.3 32.3 


ca. 0.3 
0.26 530 — 


Hinshelwood 
Newitt & Vernon 
Newitt & Vernon 
Newitt & Vernon 
Steacie and Solomon 
Steacie and Solomon 


8. 
7. 
2.95to 13.8 490 0.1 0. 
2.95to 13.8 490 0.1 1.6 
26.9 426 0.1 5S. 
34.4 424 0.1 4. 








It will be seen from the above table that the 
general nature of the products does not change 
with changing pressure. The main change on 
going from low to high pressure is an increase in 
the amount of ethane at the expense of ethylene 
and methane. It should be noted that virtually 
all the change occurs in going from 0.3 to 3 
atmospheres; above this pressure the products 
remain virtually the same. 


Homogeneity and pressure increase 


A certain degree of difficulty arises in consider- 
ing whether or not at high pressures we are 
dealing with the same reaction as at low pres- 
sures, and if, therefore, the data are comparable. 
We may rule out, on several grounds, the 
possibility of a concurrent heterogeneous reaction 
becoming prominent at high concentrations. 
Reaction vessels of two different sizes have been 
used and these have yielded identical results: 
The volume-surface ratio of Bomb A was 0.17 
cc/cm’, and of bomb C 0.04 cc/cm?: i.e., the 
volume surface ratio has been varied over four- 
fold. In any case, a high concentration in the 
gaseous phase tends to make any heterogeneous 
process negligible. In addition, the mere fact 
that the rates found are comparable with those 
of Newitt and Vernon at intermediate pressures 
would indicate that no additional complicating 
factor of this nature is involved. 

A further point to be considered is the fact 
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that as the initial pressure is increased the 
percentage pressure increase at completion 
decreases, thus: 


(210%) 
188% 
175% 
158% 
161% 
132% 
120% 


Hinshelwood low pressures 
2.5 cm to 48.7 cm 
200 to 1200 cm 
2040 cm 
2600 cm 
6800 cm 
9700 cm 


Newitt and Vernon 
Steacie and Solomon 


However, it is possible to correct for this by 
assuming that a definite fraction of the total 
pressure increase indicates the same fractional 
decomposition, and all rate constants reported 
here have been calculated on that basis. In any 
case, even if this assumption is in error, it cannot 
throw the results out by a factor of more than 
1.5. In order to reduce the results of the various 
investigations to a common basis the data have 
been treated as follows: 

(a) This investigation. The apparent rate con- 
stants, listed in Table I, have been corrected to 
the true constants by allowing for the pressure 
increase at completion. The values of T29 (the 
time for 20 percent completion) have been 
calculated from the rate constants by using the 
relationship T2=0.223/k. The data are sum- 
marized in Table III. The second to last column 


TABLE III. Summary of results. 








kX 104 
(appar- 
ent), 
sec.—! 


kX 108 
(true) 
sec.-! 


Total % 
pressure 
increase 


158 
161 
(156) 
(145) 
132 
120 
(112) 
(108) 
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in Table III gives the total pressure increase at 
completion ; the values in brackets were obtained 
by interpolation or extrapolation. 

(b) Hinshelwood. Hinshelwood’s data for 525°C 
were used. The data are given in the form of 
times for a 50 percent pressure increase. We 
may assume with Hinshelwood that this repre- 
sents 26.6 percent reaction. The values are then 
multiplied by 0.722 to give T2. Using 53,000 
calories for the energy of activation, we then 
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multiply by 120.5 to obtain T29 at 426°C. It is 
true that the variation of rate with pressure will 
be slightly different at 426°C, but the error 
thus introduced is negligible. 

(c) Steacie. Steacie’s results at 478°C have 
been treated in the same way, again assuming 
that 188 percent pressure increase corresponds 
to complete reaction. 

(d) Rice and Sickman. We have used Rice and 
Sickman’s values at 478 and 462°C. Their results 
are given in the form of constants expressing the 
rate of pressure increase. These have been trans- 
formed as before assuming 188 percent increase 
at completion. In correcting to 426°C we have 
used 53,000 calories for the heat of activation 
instead of 60,000 as reported by them, in order 
to make the calculations of the various in- 
vestigations consistent with one another. 

(e) Newitt and Vernon. Results at 462 and 
490°C have been used. The data have been re- 
calculated on the basis of a pressure increase at 
completion of 175 percent as found by Newitt 
and Vernon. 
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Fic. 7. Variation of rate constant with pressure. Black 
circles, Steacie and Solomon; black and white circles, 
Newitt and Vernon; open circles, Hinshelwood, Steacie, 
Kassel, Rice and Sickmann. 


The data of all these investigations, recalcu- 
lated as described above, are plotted in Figs. 7 
and 8. It is evident, especially from Fig. 8, that 
it is absurd to extrapolate low pressure measure- 
ments in a linear fashion in order to obtain the 
rate at infinite pressure. Nevertheless even the 
proponents of theories II and III have had to 
resort to the simple Hinshelwood theory in 
obtaining k,, by a linear extrapolation of a 
1/k—1/P plot. The value thus obtained with 
ethyl ether would indicate a rate about 50 
times slower than that reported here at 14,500 
cm. 
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Fic. 8. T1;;—1/P plot. Circles, lower half black, Rice and 
Sickmann, 478°C; circles, upper half black, Rice and Sick- 
mann, 462°C; crosses, Hinshelwood, 525°C; black circles, 
Steacie, 478°C; circles, right half black, Newitt and Vernon, 
462°C; circles, left half black, Newitt and Vernon, 490°C; 
open circles, Steacie and Solomon, 426°C; A, Kassel’s 
extrapolation of Hinshelwood’s data; B, extrapolation of 
Steacie’s data. 


It is obvious that although a certain amount 
of error may be introduced into the high pressure 
results on account of aberrations from the ideal 
gas law such errors can have no effect on the 
general result that the rate is much higher at 
high pressures than would have been predicted. 
It is also possible that a concurrent bimolecular 
reaction might occur at low pressures, but not 
come into prominence until high pressures were 
attained. This would account for the high 
pressure rate being greater than that previously 
predicted, but such an explanation is ruled out 
by the fact that at very high pressures the rate 
constant is tending to become essentially in- 
dependent of the pressure in the manner charac- 
teristic of unimolecular reactions. 


DISCUSSION 


Some interesting conclusions may be reached 
from a consideration of Fig. 7. The’ rate of 
reaction is still falling off at a pressure of 14,500 
cm. If we assume that the rate would remain 
approximately constant at higher pressures, then 
as a rough approximation we may consider that 
at this pressure the rate of activation is just 
great enough to keep up the rate of reaction. 
We may therefore determine the number of 
squared terms involved: 

At 699°K and 14,500 cm pressure the number 
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of molecules reacting per cc per second is 
1.16X10"8, assuming that the ideal gas law 
holds. This value may be in error by 10 or 15 
percent on account of gas law aberrations, but 
this error is negligible compared to that intro- 
duced by the uncertainty in the collision number 
at high pressures. The total number of collisions 
per second is approximately given by 
V27s?n?(3RT/M)'-1/(1—nb), 

where s is the molecular diameter, ” is the 
number of molecules per cc (2.02 10"), and b 
is four times the volume of the molecule, which 
is assumed to be spherical.?° Taking s as 5X 10-8 
cm, the number of collisions per cc per second is 
1.41 10%, On the basis of the Hinshelwood 
theory, taking E as 53,000 calories, we have 


53,000 + ( 2 = | 
RT 





e653 ,000+(n/2—-1) Rk nie 





n/2—1 
1.16 10'8 


1.41 108°" 
Whence we obtain 


(38.29+-n/2—1)"/241 


en/2-1 | n/2 —1 


= 35. 





If n=4 the left-hand side equals 14, if »=6 it 
is 109. It must be pointed out that Kistiakowsky”! 
found that the collision formula correction 
factor, 1/(1—b), failed at concentrations above 
8500 cm. Above this pressure the number of 
collisions increases with great rapidity. This 
would tend to still further reduce the value of 1. 
We are justified therefore in considering that 
the number of squared terms is not greater 
than 4. 

Hinshelwood? has found in a similar manner 
that in order to account for the behavior of 
ethyl ether at ordinary pressures about 8 squared 
terms are necessary. We have now arrived at an 
apparent impasse: the observed rate at 20 cm 
cannot be accounted for unless is greater than 
8, but the fact that the rate is still falling off at 
14,500 cm cannot be accounted for unless 1 is 


200. E. Meyer, Kinetische Theorie der Gase, Breslau 
(1899). 
21 Kistiakowsky, J. A. C. S. 50, 2315 (1928). 
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at least as small as 4. Also, the high pressure 
rate is much greater than would be expected on 
the basis of the application of theories II and 
III to the low pressure results. 

The above calculation has been made on the 
basis of the simple Hinshelwood theory, and is of 
course only approximate. It would undoubtedly 
be more accurate to make a more elaborate 
calculation on the basis of theory II or III. 
Owing to the approximations involved, however, 
this would hardly be worth while. In any case 
the main point at issue would not be altered, 
namely, that any value of 2 which is consistent 
with the low pressure results is not applicable to 
those at high pressures, and vice versa. 

The simplest assumption to make is that the 
number of degrees of freedom involved may be 
some function of the time between collisions. 
At very low pressures, where the time between 
collisions is comparatively large, eight squared 
terms are insufficient to maintain the rate and 
it falls off slowly as the pressure is decreased. 
At very high pressures, when the time between 
collisions is small, a much smaller value of 7 is 
required in order to maintain the rate. At still 
higher pressures, presumably, will finally equal 
2, the only vibrational degree of freedom in- 
volved being that in which the actual rupture of 
the molecule occurs. This would most probably 
be expected when the time between collisions is 
of the same order of magnitude as the time of 
vibration (10-" to 10-“ sec.). The time between 
collisions at 14,500 cm is about 10-” sec. (or 
possibly considerably smaller since the correction 
factor is becoming very uncertain). On this 
basis at very low pressures we would expect 1 to 
increase to a maximum until the number of 
degrees of freedom participating in the activa- 
tion is given by the total number of oscillators 
in the molecule. 

The mechanism for limiting the number of 
degrees of freedom would most probably be 
some form of atomic “insulators” suggested by 
O. K. Rice.” As the collision frequency increases 
less time is offered for the various degrees of 
freedom to come into play, and the insulators 
become more and more effective in limiting the 
critical energy to one oscillator. 

In order to account for their results with 


2 Rice, Zeits. f. physik. Chemie B7, 226 (1930). 
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acetaldehyde, Fletcher and Hinshelwood’ found 
it necessary to postulate the existence, over 
various pressure ranges, of a number of activated 
states, each associated with its own transition 
probability. By assuming a change with pressure 
in the value of 7, we arrive at the same result, 
i.e., the rate-pressure curve should be made up 
of a series of segments smoothly joined and 
corresponding to various values of x. However, 
since we are dealing with a large number of 
molecules constituting a statistical assemblage, 
we may expect that rather than sharp breaks 
in the curve as ” changes, the curve will represent 
a continuous and progressive change in n. It is 
difficult to see how Fletcher and Hinshelwood 
can justify the clear-cut angles between the 
various segments of the rate-pressure curves, in 
view of the accuracy of the experimental data. 
It would be far more logical to expect a gradual 
transition from one activated state to another. 

Since the completion of this work a paper 
has appeared by Hunter*’ on the decomposition 
of nitrous oxide up to pressures of 40 atmos- 
pheres. He finds that the rate increases con- 
siderably with increasing pressure, and interprets 
his results in the manner proposed by Fletcher 
and Hinshelwood. He finds that about 4 squared 
terms are required to account for the observed 
rate at 40 atmospheres. The rate is still in- 
creasing at this pressure, and on the theory 
outlined here it would seem likely that x is 
tending towards 2 at high pressures. (Hunter's 
calculations are probably considerably in error, 
since he neglects to correct the collision fre- 
quency for aberrations from the ideal gas law. 
Such a correction, however, would not change 
the general conclusions to be drawn from his 
work.) 

Further work on the decomposition of ethy! 
ether is in progress. It is planned to (a) investi- 
gate the reaction at lower pressures by the same 
method so as to tie in with the low pressure 
results, (b) extend the work to still higher 
pressures, and (c) follow the rate by analysis at 
the higher pressures so as to eliminate effects 
due to gas law aberrations. Until such work is 
done we have thought it desirable to defer any 
discussion of the exact form of the pressure- 
rate curve over the entire pressure range. 


23 Hunter, Proc. Roy. Soc. A144, 386 (1934). 
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The experiments described in this paper were initiated 
for the purely practical purpose of securing data to be 
used for an energy balance of the process of comminution 
of solids. The technologic problem is not considered here 
but rather the antecedent fundamental and scientific one 
of attempting to describe the thermodynamic properties 
of crystals as a function of particle size. It has been 
customary to ascribe observable variations in the properties 
of crystalline materials of large or fine particle size to a 
change of free energy, entropy or heat content resultant 
from the subdivision. Consideration of the first law of 
thermodynamics with reference to the application of work 
energy to crystals allows for only two obvious possibilities: 
(1) The heat produced in the crystals by the applied work 
is equal to it, whence no change of intrinsic energy of the 
material can occur; or (2) part only of the work appears 
as heat and the intrinsic energy of the crystals must 
increase. In this latter case, it is supposed that the energy 
corresponding to the increase of intrinsic energy is “‘stored”’ 
in the surficial layers of the crystal particles. We shall 
offer no apology for approaching the problem of testing 
these alternatives in a strictly empirical manner and for 
presenting data which may seem to contradict much of 
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previous theory and experiment concerning the ‘surface 
energy’”’ of solids. However tempting a review and criticism 
of previous attempts to measure or theoretically define 
this quantity might be, the elementary approach repre- 
sented by our work now seems essential for understanding 
of the anomalous results, both of ourselves and others. 
Experimental test based on the first law, as expressed 
above, obviously could be either by (1) attempting to 
determine the change of intrinsic energy of fine com- 
pared to coarse particles of suitable materials or (2) by 
comparing the work and heat during the comminution 
process. Both of these experimental alternatives are de- 
scribed below. Thus we shall first describe experiments 
upon the heat of solution of fine and coarse calcite, designed 
to reveal measurable differences of intrinsic energy due to 
comminution. Further, we have investigated the specific 
heat at low temperatures of similar samples of calcite, and 
later of finely drawn wires of copper and aluminum in the 
annealed compared to the cold-worked state, referring to 
that part of the intrinsic energy represented by heat 
content. Finally, in the case of copper and aluminum, we 
have adopted the second experimental alternative of 
comparing the work and heat during a drawing process. 





Part I. HEATS OF SOLUTION OF FINE AND 
COARSE CALCITE 


HE mineral calcite was chosen for a test of 

the change of intrinsic energy due to 
comminution for a number of excellent experi- 
mental reasons. Its heat of solution in hydro- 
chloric acid is near 4000 calories per formula 
weight and Backstrém! had reported a difference 
of 60 calories per f.w. between large crystals and 
a sample ground to 10-micron size. Such a 





*Contribution from The Pacific Experiment Station, 
Bureau of Mines, U. S. Department of Commerce, Uni- 
versity of California. Published by permission of the 
Director, U. S. Bureau of Mines. (Not subject to copy- 
right.) 

** Supervising Engineer and Metallurgist, Pacific Exper- 
iment Station, U. S. Bureau of Mines, Berkeley, California. 

*** Assistant Physical Chemist, Pacific Experiment 
Station, U. S. Bureau of Mines, Berkeley, California. 

'Backstrém, J. Am. Chem. Soc. 47, 2438 (1925). 
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quantity should be easily detectable, even with 
only fair calorimetric precision, in comparison 
with the total of 4000. The rapid and easy 
solution in acid, the high purity obtainable in 
natural crystals and the ease of precise analysis 
commend this choice further. 


Experimental work 


The calorimetric method used to determine the 
heat of solution of calcite samples of varying 
fineness has been described previously by one of 
us” in connection with the heat of solution of zinc 
oxide and no essential change of method or 
accuracy was made in the present experiments. 
The limiting sensitivity of the calorimeter is 
approximately 1 calorie. 

The rate of dissolution of calcite, in very fine 
sizes, was so great that excessive foaming 
ordinarily took place. This difficulty was easily 


2 Maier, J. Am. Chem. Soc. 52, 2159 (1930). 
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remedied by tying several thicknesses of surgical 
gauze about the thin walled flask used for the 
calcite container. This flask was broken inside the 
gauze bag so formed at the appropriate instant. 
The first evolution of gas after breakage of the 
flask distends the bag and prevents further 
ingress of acid until the carbon dioxide has 
escaped. The dissolution of calcite proceeds 
smoothly by successive distentions, and is 
complete for the finest sizes in about 4 minutes 
from the instant of breaking. By using a smaller 
or greater number of layers of gauze, it was 
possible to bring the total time of dissolving to 
within practically identical limits for sizes from 4 
inch to 0.5 micron, thus insuring the greatest 
degree of comparableness in the necessary 
calorimetric corrections. 

Materials. The hydrochloric acid used for 
dissolution of the calcite was of C. P. grade, 
without further purification. It was diluted to a 
concentration of 1HCIl:20H.O. Analysis by 
gravimetric means showed the actual HCl 
content to be 9.192 percent and the theoretical 
HCI content 9.191 percent. Before use, this acid 
was saturated with CO, at 23—-24°C, by using gas 
which had been saturated with water vapor 
above an identical HCI solution. 

Well-developed calcite crystals were selected 
and prepared in three sizes. Two coarser sizes, 
prepared by simple crushing were —4+6, and 
— 200-+-270 mesh, separated by standard screens. 
A third sample was prepared by grinding in a 
mechanical agate mortar, with frequent classifi- 
cation by means of an air elutriator, arranged as 
described by Roller. The particle size of the 
final product was fairly uniform and determined 
by microscopic means to average near 0.5 micron. 
The minimum visible size was greater than 0.1 
micron and the maximum near 1 micron but 
there were relatively few particles of limiting 
sizes. 

The finest size calcite had a very low apparent 
density, and to secure sufficient compactness so 
that an adequate amount could be put into our 
calorimetric containers and to improve the 
thermal conductivity of the material, it was 
compressed into pellets. A pressure of about 2 
tons per sq. in. was used in the press, resulting in 


3 Roller, U. S. Bur. Mines Tech. Paper 490 (1931). 
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fairly dense pellets, which were again pulverized 
to a size approximating 14-35 mesh. 

Experimental procedure. Samples of 50.0375 
grams (vacuum basis), or 4 formula weight, 
were sealed, after careful drying at 105°C, into 
thin-bottomed flasks, as described in the previ- 
ous reference. The weight of hydrochloric 
acid used was 595.19 grams, corresponding to 
1.5HCI : 30H,O, without, however, any attempt 
to correct for dissolved COs, which is small in this 
strength acid. Calorimetric determinations were: 
(1) Determination of the initial heat capacity of 
the calorimeter by direct electrical methods, 
under such conditions that the final temperature 
was near 24.6°C. About 7000 calories of heat were 
generated by the accurately calibrated manganin 
heater. (2) When thermal equilibrium had been 
attained the flask was broken and a conventional 
determination carried out. The attempt was 
made to finish near 25°C. (3) After this latter 
test the heat capacity was determined again over 
the range from 25—263°C by repetition of (1). 

Calculation of results. The method of calcula- 
tion of results has been described in the previous 
paper but it may be repeated here that the 
temperature coefficient of the reaction, AC), is 
directly determined by the difference between 
the heat contents measured under (3) and (1) and 
that the constancy of this quantity is an excel- 
lent check upon satisfactory operation of the 
calorimeter. Systematic errors are referable to the 
energy determinations. Recalibration of the 
standard cells and resistances used imply no 
error here greater than 1 part per 100,000. 

In converting international joules to 15° 
calories, the factor 1/4.184 was used. The final 
figure of the resistance thermometer reading has 
been dropped in each case, except as mentioned 
hereinafter. 

The chief source of uncertainty is in correction 
of the temperature rise. The calorimeter comes 
to thermal equilibrium in 5 to 8 minutes so that 
calculation by a graphic Regnault-Pfaundler 
method is eminently satisfactory but the heat 
exchange with the surroundings is erratic to 
about 1 percent near the adiabatic point, 
probably due to the well-known adsorbed film 
effect on the gold-plated calorimeter shell. The 
known uncertainty due to this cause is ap- 
proximately 5 calories; for this reason, no greater 
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TABLE I. Heat of solution of 0.5CaCO; in 1.5HCl : 30H20. 








Aver. 

part. Initial Final Temp. Cooling Corrected Final Mean 
Exp. _ size, heat heat rise, °C rate temp. temp., AHr AHos AHoss per A.D. 
No. mm _ capacity capacity AC), AT correction rise, °C °C 3CaCO; 3CaCOs; CaCO; of M. 


























1 4. 5671.0 5697.9 0.3603 —0.0135 
2 4.0 5681.2 5709.6 284 0.3465  —0.0017 
7 4.0 5670.5 5702.1 0.3498 —0.0038 














5695.5 
5671.5 
5723.7 


5700.7 
5656.9 


5723.6 
5701.9 30.4 
5748.8 


5726.5 
5685.0 


0.3406 
0.3471 
0.3425 


0.3673 
0.3715 










+0.0021 
—0.0015 
—0.0008 






—0.0030 
—0.0042 














0.3468 
0.3448 
0.3460 


24.62 
25.04 
24.85 


— 1966.7 
— 1958.9 
— 1962.0 


— 1953.6 
— 1960.3 
— 1956.8 


— 3913.8 +4.6 














0.3427 25.22 —1951.8 —1959.4 
0.3456 25.01 —1954.4 -—1954.7 — 3912.8 +4.0 
0.3417 24.98 -—1955.8  —1955.1 





















0.3643 
0.3673 


24.80 
24.60 


— 2075.6 
— 2077.8 


— 2068.7 
— 2064.0 


— (4132.4) 








relative precision than 10 calories per formula 
weight is claimed for these experiments. The 
absolute accuracy may be no better than several 
times this amount, due rather to such factors as 
imperfect saturation of evolved gases by water 
vapor, ununiformity due to the very rapid 
completion of the reaction and other secondary 
effects, rather than to the calorimeter charac- 
teristics. 

Experimental results. The results of eight 
determinations of heat of solution of three sizes of 
calcite are presented in Table I, the order of 
measurement being the sequence of experiment 
numbers. 

In correcting the results of these experiments 
to a final temperature of 25°C the observed 
value of AC,, averaging 28 calories, has been 
increased by 4.5 calories to represent the heat 
content of 3CO2 lost by the system. No cor- 
rections for heat of vaporization of water with 
the CO: or for external work done by the COz in 
its escape have been made. The chief interest is in 
comparison of results for varying degrees of 
fineness. 

At first glance, the results of Table I would 
indicate that Bachstrém’s result of an increased 
heat of solution of 60 calories per f.w. for 10- 
micron size material was approximately con- 
firmed by the figures for 0.065- and 0.0005-mm 
sizes, showing an apparent increase of 4132.4 
-3912.8= 219.6 cal/f.w. for this range. 

Had our experimental work ceased at this 
point, publication of our results would have 
burdened chemical literature with still one more 
erroneous figure for “‘surface energy,’”’ although 
the result would no doubt have been con- 





ventionally acceptable, if unremarkable, as 
falling in with previous determinations. In this 
case, however, we were fortunately constrained 
to make precise analyses of the materials used. 
Reference to previous attempts at determination 
of the energy differences of fine and coarse 
materials shows them to be singularly free from 
this elementary precaution. 


Analyses of materials 


The thermal decomposition of calcite at 1000°C 
in a slow stream of pure, dry nitrogen was found 
to be a precise method of analysis for these 
relatively pure samples, with the use of a 
conventional combustion train. Water and 
carbon dioxide evolved were weighed after 
collection by fresh calcium chloride and ascarite 
and their sum was compared with the loss in 
weight of sample. By using a clear silica-glass 
tube and careful preliminary drying, the com- 
bined H2O and COs: checked the loss in weight of 
a 4-gram sample to within 0.2 milligram in all 
cases. 

Analysis of the sample crushed to 0.065 mm 
showed a CO: content of 43.973 percent, without 
correcting weights to a vacuum basis. An 
approximate correction to vacuum would indi- 
cate 43.959 percent COs. Based on the atomic 
weights 40.07 for calcium and 12.005 for carbon, 
the theoretical CO, content of calcite is 43.972 
percent and the purity of this sample was at least 
99.970 percent. 

In the case of the 0.5-micron size, calculation 
from the CO; content showed only 98.656 percent 
CaCO. Since the weight of COs and water found 
by analysis checked the loss in weight of the 





















































































































































































































































516 Se Ses 
calcite during decomposition to within 0.2 
milligram, the composition of the impurity may 
be calculated on the assumption that it consisted 
only of Ca(OH). and H:,O, the actual figures 
being 0.726 percent Ca(OH), and 0.618 percent 
H,0. No silica (from the mortar used in grinding) 
could be detected in this sample. 

It is apparent that this percentage of Ca(OH). 
would produce serious error in the heat-of- 
solution tests 5 and 6, of Table I. The most 
recent measurements of the heats of solution of 
Ca(OH)» in hydrochloric acid have been made by 
Thorvaldson and Brown‘ who used acid of 
concentration 1:200 and obtained as best value 
30,850 cal.2o, at 20°C, per formula weight. In the 
present work it was thought necessary to repeat 
the determination of the heat of solution of 
Ca(OH), by using the concentrations of HCl and 
CaCl, as obtained after dissolution of }CaCQOs; in 
1.5HCI : 30H.O, thus representing approximately 
identical final conditions and eliminating heat-of- 
dilution effects as much as possible. For this 
purpose, the solutions obtained in experiments 7 
and 8 of Table I were again placed in the 
calorimeter and the heat of solution of two 
samples of slightly less than 1 gram each of CaO, 
which had been hydrated with the same pro- 
portion of water as corresponded to the 0.5- 
micron sample analysis, was determined. 

The samples of CaO used were from the 
previous analysis of calcite and undoubtedly were 
of high purity. In these determinations of heat of 
solution, the last figure of the resistance ther- 
mometer reading was retained (because of the 
low temperature rise involved). The data 
themselves are shown in Table II. 

The final result for Ca(OH):2 shown in Table II 
indicates that the heats of dilution involved in 
comparison with the result of Thorvaldson and 
Brown are substantially negligible in this case. 
By using the figure 413.9 calories per gram, 
corresponding to AH= —30,670, the results of 
experiments on the 0.5-micron calcite of Table I 
may be corrected as follows: 100.075 grams 
evolve 4132.4 calories but contain 98.730 grams 
CaCO; and 0.7264 gram Ca(OH)e; but 0.7264 
X413.9= 300.7 calories evolved due to the 


4Thorvaldson and Brown, J. Am. Chem. Soc. 52, 80 
(1930). 
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TABLE II. Heat of solution of Ca(OH) in 
3HC1: 1CaClz : 30H20. 








Experi- 
ment 2 


Experi- 
ment 1 





Weight CaO used, grams 0.9270 0.9418 

Heat capacity of calorimeter, 
calories 

Temperature rise, °C, uncor- 
rected 

Cooling-rate correction 

Corrected AT, °C 

Final temperature, °C 

Heat of solution, per gram 
Ca(OH), calories 

AH per Ca(OH)p, 
calories 


5689.0 5658.0 
0.09249 
— 0.00159 
0.09090 
25.03 


0.08116 
+0.00812 
0.08928 
25.16 
414.6 413.2 
average, 
— 30670 








hydroxide; the net, 4132.4 — 300.7 = 3831.7 corre- 
sponds to 3831.7 X 100.075 /98.730= 3883.4 calo- 
ries per CaCO, corrected. This figure is 29.4 
calories Jess than for the 0.065 mm material.’ 
The correction for impurities known to be present 
in the 0.5-micron size more than accounts for the 
difference observed. 


Part II. Entropy CHANGE DUE TO 
COMMINUTION 


Fine and coarse calcite 

Specific-heat determinations were made by 
Anderson on the original sample of calcite 
crushed to 0.75 mm average size and compared 
with similar determinations on the 0.5-micron 
size as used above. These results have been 
published. ® 

After correction for the impurities in the fine 
calcite it was found that the two sets of data 
were experimentally identical in the lower 
temperature ranges (50 to 150°K) but that the 
fine material showed a slight progressive increase 
of specific heat compared to coarse above this 
range. Near ordinary temperatures this difference 
became slightly less than 1 percent as a maxi- 
mum. Had the difference persisted to low 
temperatures the conclusion that a real difference 


5 If appropriate corrections for external work and heat 
of vaporization of water above the solutions used are 
made and the differences in quantity of CO, evolved taken 
into account, this discrepancy becomes 28.9 calories in 
the same direction. The reason for the overcorrection is 
discussed in more detail in connection with density 
determinations below. 

6 Anderson, J. Am. Chem. Soc. 56, 340 (1934). 
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of heat content existed might have been war- 
ranted but it is known that the maximum errors 
in calorimetric work of this sort appear near 
ordinary temperatures and have been shown by 
other work to lie near 2 percent as a maximum, 
with an average uncertainty of about 1 percent. 
The differences observed in this case were, then, 
only as great as the supposed experimental error 
and the results are inconclusive as far as calcite is 
concerned. The differences observed in the higher 
temperature ranges certainly were no greater 
than those naturally ascribable to the effect of 
the poor heat conductivity of the fine material, 
even after its compression to granules. 


Work upon metallic wires 

The factors causing rather high calorimetric 
errors of specific-heat determinations in the 
method used for measuring this quantity at low 
temperatures are minimized considerably when 
metallic samples are in question. Not only is the 
mass of sample carried by a given calorimeter 
much greater, but more important is the fact 
that high thermal conductivity greatly reduces 
the necessary calorimetric corrections consti- 
tuting the chief source of error of this method. 
We therefore decided again to attempt to observe 
possible entropy differences in samples of cold- 
worked as compared to annealed metals. 

The fundamental difference in the nature of the 
comminution process when carried out upon 
calcite, or by drawing wires, is obviously that the 
first produces new external crystal surfaces, 
whereas the second process may produce new 
internal crystal surfaces. It will be more suitable 
to postpone more searching inquiry into the 
differences and analogies in the two cases until 
all the experimental evidence has been adduced. 


Experimental 


The calorimeter used to determine the specific 
heats at low temperatures has been previously 
described by one of us.? The sample of copper 
Wire was specially prepared for us of deoxidized 
metal through the courtesy of the Bell Telephone 
Laboratories, who furnished it to us in the form 
of hard-drawn wire. It had been drawn from 
0.180 to 0.010 inch without annealing and in such 
a Way as to insure every precaution against self- 


e____ 


7 Anderson, J. Am. Chem. Soc. 52, 2296, 2712 (1930). 


annealing. It was further drawn by us to 0.0075 
inch, and the final wire was cut into small pieces 
approximately 0.010 inch long. Enough quantity 
was prepared for two calorimeter samples, one of 
which was annealed at 400°C for 16 hours in a 
high vacuum. 

The aluminum was of high purity (99.985 
percent) and was drawn from No. 16 B & S to 
about No. 32 B & S gauge in a manner similar to 
the copper. The annealed sample was heated in a 
high vacuum at 460°C for 18 hours. 

The samples used for specific-heat measure- 
ments were of the following masses: Hard-drawn 
copper, 595.1 grams; annealed copper, 603.9 
grams; hard-drawn aluminum, 180.5 grams; 
annealed aluminum, 175.2 grams. The experi- 
mental results are shown in Tables III to VI, 
where the specific-heat values are given in 15° 
calories, with 4.184 as the conversion factor, 
joules to calories. 

To compare the results of the measurements on 
the hard-drawn with the annealed samples, each 
of the authors has independently plotted the 
original experimental points, drawn suitable 
smooth curves through them and compared 
interpolated common temperature results as read 


TABLE III. Specific heat of hard-drawn copper at 
low temperatures. 








Ce Cy 
per g- 
atom 





1.734 
1.853 
2.102 
2.619 
3.198 
3.886 
4.509 


~! 
O° 


Mannan 
~ 
~ 
Nm 








TABLE IV. Specific heat of annealed copper at 
low temperatures. 








Cy ¢ Pp 
per g- per g- 
atom T°K atom 





1.728 152.8 4.952 
1.952 188.2 5.281 
2.127 209.6 5.481 
2.732 241.7 5.644 
3.210 267.5 5.749 
3.809 288.1 5.792 
4.444 291.9 5.805 

293.0 5.802 
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TABLE V. Specific heat of hard-drawn aluminum at 
low temperatures. 








Cp Cp 
per g- 
T°K 


atom 
126.5 


141.7 
163.4 
185.0 
200.4 
219.6 
241.1 
257.4 
272.8 
290.6 


T°K 


56.18 
59.60 
63.86 
75.44 
79.99 
84.45 
90.24 
92.85 
100.6 
E25 





3.886 
4.247 
4.637 
4.913 
5.105 
5.298 
5.452 
5.537 
5.633 
5.729 








TABLE VI. Specific heat of annealed aluminum at 
low temperatures. 








C. Cp 
per g- per g- 
atom atom 





4.647 
4.932 
5.100 
5.307 
5.486 
5.558 
5.698 
5.741 


1.Az9 
1.289 
1.472 
1.856 
2.457 
2.994 
3.533 
3.849 
4,239 








from these curves. Thus it was found that the 
mean algebraic difference between hard-drawn 
and annealed copper was —0.001 calorie/ 
degree/gram-atom, with an average deviation of 
the mean ignoring the algebraic sign of the 
difference of 0.011. In the case of aluminum the 
mean algebraic difference was —0.006, with an 
average deviation of 0.009 from the mean. 
Further, low temperature specific-heat meas- 
urements recently have been made in the 
University of California laboratories, under the 
direction of Professor Giauque, of single crystals 
of copper and aluminum; we have compared our 
results with these at the same temperatures as in 
comparing differences, with the use of Meads’ 
interpolation of his own data.’ To complete the 
picture, we have further calculated the average 
deviation of the points experimentally deter- 
mined from the smoothed curves drawn for our 


8 Meads, P. F., Ph.D. Thesis, University of California, 
1932. 
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TABLE VII. Average deviations of specific heats 50-290°K 
calorie/degree/gram-atom. 








Average de- Average differ- 
viation of ences of C, 
orig. deter- bet ween 
minations points at 13 
from interpolated 
smoothed temperatures, 
curve 50° to 290°K 


Material Form 





Single crystal +0.020 


Copper 
Hard-drawn 


0.009 

— O11 
Annealed .016 
Single crystal 
Hard-drawn 


Aluminum + .034 


006 
.010 


— .009 
Annealed 








own results. All these figures are summarized in 
Table VII. 

These comparisons leave no question as to the 
absence of detectable effect on heat content as 
directly measurable entropy due to the cold 
working of copper and aluminum, since the 
differences observed between cold-worked and 
annealed samples are of the same magnitude as 
the uncertainty of the original measurements. 
Furthermore, it is noted that the differences 
between our results and Meads’ for single 
crystals are of the opposite sign from those 
expected if cold working increased the ‘‘random- 
ness” of the metal atoms, in that the single 
crystal had slightly higher heat contents at the 
same temperature. 

We shall not discuss here the considerable 
number of references in the literature purporting 
to show the effect of mechanical working upon 
the specific heat of metals but shall only refer to 
the fact that our results confirm those of Eucken 
and Werth’ on copper and shall point out further 
that the relative accuracy of the measurements 
reported above is on the average better than 0.2 
percent. In comparing our results with those of 
Meads’ on single crystals, the specific-heat values 
near liquid-air temperatures are practically 
identical and only in the higher temperature 
ranges does an average difference of about 
3 percent occur. This laboratory is on the same 
temperature scale as that of Professor Giauque 
but a slight difference in method of applying 


® A. Eucken, and H. Werth, Zeits. anorg. Chemie 188, 
152 (1930). 
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temperature gradient and cooling-rate corrections 
in the two laboratories is probably sufficient to 
account for the differences observed in the upper 
ranges of the experimental measurements. 


ParT III. COMPARISON OF WORK AND HEAT IN A 
WIRE-DRAWING PROCESS 


It seems obvious from the above that if any 
difference of entropy exists in pure metals 
resulting from crystal size or mechanical work 
it is not detectable with the precision of measure- 
ments now obtainable and if it exists at all must 
come in as “zero-point” difference. Aside from 
this, it was apparent that even if the entropy 
change were strictly zero in going from single 
crystals to annealed or cold-worked wires, a 
change of heat content still might be entirely 
ascribable to a change of free energy. Further, it 
is experimentally impracticable to determine the 
possible difference of heat content of such a 
metal as aluminum in various conditions by 
heat-of-solution experiments. If a gram-atom is 
dissolved in HCl, some 127,000 calories are 
evolved, in which the experimental problem of 
finding the looked-for quantities of perhaps less 
than 100 calories difference would be nearly 
insuperable. In a wire-drawing process, however, 
a drawing tension just below the ultimate 
strength of a No. 18 gauge wire requires work to 
be done at a rate of approximately 200-300 
calories per gram-atom. Comparison of heat and 
work in such a process then offers the best 
possible chance of determining possible changes 
of heat content of a few calories magnitude, 
which may be associated with the severest 
possible cold working. 


Experimental arrangements 


To carry out the necessary measurements for 
comparing work and heat in a wire-drawing 
process the calorimeter used for the calcite- 
dissolution experiments was so modified that a 
bobbin of wire and die could be submerged in it 
and a special device was arranged for measuring 
the tension of the wire continuously as it was 
being withdrawn from the calorimeter; the 
resulting product of length of wire and tension 
furnished the required work quantity for com- 
parison with the heat shown by the calorimeter. 
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Fic. 1. Diagram of apparatus for comparing work and 
heat in wire drawing. 


The arrangement is shown more or less 
schematically in Fig. 1. In calorimeter C the 
reciprocating stirrer H and the _ resistance 
thermometer E are unchanged, compared with 
the previously described reference. Frame F, of 
light-weight but fairly rigid brass angles, carries 
the bobbin J, containing the sample of wire to 
be drawn, and pulleys P, which serve to carry 
wire to the die, which is externally supported 
through one of the calorimeter chimneys by the 
structure NV. The upper half of N is a thin-walled 
Bakelite tube, whose upper end is clamped firmly 
to external upright U, which also serves to 
support the tension meter. The lower half of NV 
consists of a series of thin copper washers 
mounted on ;¢ inch drill-steel rods with a 
driving fit. This construction serves the twofold 
purpose of stiffening the supporting members for 
the die socket while still permitting free access of 
calorimeter fluid to the wire and further increas- 
ing the thermal conductivity of that part of the 
calorimeter near the wire which is just through 
the die. 

Even with the precautionary measures taken 
to assure transmittal of residual heat from the 
drawn wire to the calorimeter by means of N, it 
was found, after a few experiments had been 
performed, that the wire during drawing emerged 
from the bath several tenths of a degree above 
the calorimeter temperature. A loop thermo- 
couple was then installed at Q, an enlarged 
section being shown at Q—Q. The wire drawn 
passes through a crossed loop of No. 36 constantan 
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wire held in slight tension by a small spring and 
the sliding contact, which is nearly frictionless, 
constitutes the hot junction of a_ thermel. 
Constantan lead 7 of Q—(Q goes toa cold junction 
in ice and the other lead is carried through the 
wire, being drawn as described later. 

The tension-measuring device consists of 
pendulum-like arm A suspended near its upper 
end from the rigid member U and carrying a 
nearly frictionless sheave J at its lower end. 
There are ball bearings B at each end and wire 
W makes a right-angle turn over sheave J. 
Upright member U also carries a cross-member 
R serving to support an adjustable spring S, 
opposed to which is a fine-tension piano-steel 
wire G. G makes several turns over thé nearly 
frictionless and well-balanced wheel ZL, which 
carries mirror M mounted on its shaft, the whole 
being held taut by weights Y. A beam of light 
from slit projector K is reflected by the mirror 
to a scale several meters farther along Z. 

Arm A is free to swing through a small arc 
about its upper ball bearing. Weights Y are 
adjusted to correspond to about 90 percent of the 
tension in wire W, the remainder of the tension 
being taken up by the spring S. With this device 
a sensitivity of about 3 grams was obtained when 
an ordinary automobile valve spring at S and an 
optical beam of about 3 meters were used. Since 
the total tension was usually near 5000 grams 
the sensitivity was near 0.05 percent but the 
accuracy naturally was somewhat worse than 
this because of fluctuations of tension when the 
drawing was in progress. 

After leaving the tension meter the wire was 
wound upon the accurately turned steel drum D 
which was rotated at a constant predetermined 
speed by worm drive X. A revolution counter and 
indicator, not shown in the drawing, recorded the 
revolutions of D from which the length of wire 
was calculated from the accurately measured 
diameters of drum and wire. The accuracy of 
determinations of wire length by this method was 
checked several times by actual measurement of 
wire on the drum and found to be within 0.1 
percent. 

A contactor, V, carried off the thermel lead 
corresponding to the couple whose hot junction 
was at Q. This contactor and its electrical 
connection T were of the identica) metal as the 


wire, that is, aluminum when aluminum wire was 
drawn and copper for the copper-wire experi- 
ments. Lead T was carried to the ice bath for the 
cold junction connection. 

Oil thermostat O, in which the calorimeter 
jacket was submerged, was maintained at a 
constant temperature near 25°C, with a variation 
of not more than 0.002° throughout the experi- 
ment. 

The question of calorimetric fluid, which had 
also to serve as a lubricant for the die, was very 
troublesome at the beginning of the experiments. 
A light lubricating oil was found to have such low 
thermal conductivity and low fluidity that a lag 
of 20 minutes was observed in reaching thermal 
equilibrium. Kerosene was next tried and found 
to have a thermal lag of only 3 minutes but the 
die was not lubricated and the wire badly cut in 
drawing. Without efficient lubrication the tension 
meter fluctuated violently. Several experiments 
were performed with the wire on bobbin J coated 
with beeswax and with the use of a saturated 
solution of beeswax in kerosene as the calorimetric 
fluid. This adequately lubricated the die and had 
a low initial thermal lag but gave rise to secon- 
dary thermal effects, after a drawing experiment 
was concluded which were finally shown to be 
due. to slow saturation of the kerosene with 
beeswax. Because the temperature coefficient of 
solubility of beeswax in kerosene is enormous a 
temperature rise of only a few tenths of a degree 
caused anomalies of 50 calories or more. We 
finally used kerosene containing as lubricant 10 
percent of a soluble sulphurized lubricant, such as 
is used commercially for lubricating screw- 
cutting dies in automatic machinery. This liquid 
had adequate lubricating qualities and a thermal 
lag of only about 4 minutes and was free from 
detectable thermal after-effects. It had, however, 
a rather high coefficient of change of specific 
heat with temperature (2 percent per degree), 
which necessitated a correction in calculating 
results. 


Experimental procedure—calorimetric 


The heat capacity of calorimeter and contents 
was determined before and after each wire- 
drawing experiment. An accurately calibrated 
manganin heater (not shown in the drawing) 
was used for this purpose and current was 
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measured with a White double potentiometer and 
timed with a calibrated stop watch. Resistance, 
e.m.f., and time standards were checked at 
appropriate intervals to insure no systematic 
error. The heating current was adjusted to 
simulate the normal temperature rise during the 
drawing process, with a total temperature rise of 
about 0.3° which was measurable by the resist- 
ance thermometer used to a relative accuracy of 
about 0.0002°. The mean temperature of the 
initial heat-capacity determination was near 
24.5°C and of the final near 25.5°C. 

The actual measurement of heat developed 
usually occupied about 2 hours, the temperature 
rising from near 24.7 to approximately 25.0°. In 
calculation of the heat evolved the heat capacity 
of the calorimeter was corrected for one-half of 
the heat content of the wire withdrawn and to 
the mean temperature during the drawing 
process. 

Tension measurements. Weights Y were so 
adjusted during each experiment that a deflection 
of 20 cm of the light spot opposite Z was secured. 
This usually allowed for any slight variation in 
the tension without going off scale. The position 
of the spot was read every minute during the 
drawing time. Since calibration of the tension 
meter showed almost exactly a linear relationship 
between tension and deflection, the simple 
average of these readings was taken as repre- 
senting the work-tension. 

Calibration of the tension meter was repeated 
after every experiment. It consisted of replacing 
wire W with a fine piano-steel wire similar to G 
but fastened at the normal die position. A 
ball-bearing pulley was substituted for drum D, 
care being taken that its top tangent was aligned 
accurately with the normal position of W and a 
system of weights of known mass, similar to Y, 
suspended from it to give the same position of the 
light spot as the average during the draw. 

Length of wire. Drum D and the wire were 
measured with good micrometer calipers and the 
length of wire was calculated upon the assump- 
tion that the length was the number of turns 
times the circumference of a circle, with diameter 
equal to the sum of the drum plus 1 wire thick- 
ness. This was found to check closely with a 
number of actual measurements of wire removed 
from the drum. 
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Corrections. As has been stated, it was found 
that the wire leaving the calorimeter, even with 
the slow rate of withdrawal of 25 meters per 
hour, was several tenths of a degree above the 
bath temperature. The constantan-aluminum or 
constantan-copper thermel at Q reached a steady 
state intermediate between calorimeter bath and 
outside temperature before drawing, under static 
conditions. When the drawing started, the 
temperature at Q rose for some 8 to 10 minutes, 
then showed only a slight change corresponding 
to the drift of the calorimeter or surrounding 
temperatures. It was substantially at a steady 
state. It was assumed that this temperature 
increase represented the true excess of heat of 
the wire with respect to the bath. The motion of 
the wire obviously was so slow as not to affect 
appreciably the heat flow in the vertical section 
of wire which controlled the actual temperature 
at Q. The product of this temperature rise by the 
specific heat of the wire actually withdrawn, as 
determined by the average of readings taken 
every 10 minutes during an experiment, was 
added to the calorimetric heat. 

Tension-meter corrections. As the wire passes 
over sheave J of the tension meter it is stretched 
by the curvature and at the same time a certain 
amount of work is done external to the calorime- 
ter which must be accounted for. The observed 
length of wire on the drum was then correctable 
by the stretch and the observed tension under 
static conditions by the equivalent friction at J. 
The actual friction of J was negligible, the 
apparent friction being due to bending the wire 
about the curvature. 

These two corrections were evaluated for 
aluminum and copper wires by removing arm A 
and using sheave J as the pulley of an Atwoods 
machine in the usual way. The elongation and 
equivalent friction were found to be a function 
of the tension but nearly independent of the 
speed at which the wire passed over J. The 
results of such a calibration for each metal are 
given in Table VIII. The accuracy of the 
elongation determinations was about 2 percent 
and of the equivalent friction about 5 percent, 
the chief source of inaccuracy being the change of 
dimensions and properties of the metal during 
each pass over the sheave. Since the elongation 
correction is itself about 1 percent of the total 
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TABLE VIII. Corrections for tension meter, for wire 0.0370 
inch diam., 2-inch sheave. 








Aluminum Copper 
Measured Elongation, Apparent Elongation, Apparent 
tension, percent friction, percent friction, 
kg per pass kg per pass kg 


0.615 0.114 0.300 0.169 
0.982 0.120 0.392 0.176 
1.465 0.132 0.488 0.186 
2.295 0.212 0.590 0.201 

3.45 0.320 0.715 0.218 
(beyond ultimate strength) 0.855 0.243 
1.060 0.282 

1.395 0.354 

1.980 0.489 





SO SION 
ocoooooooe 


— 








length and the friction correction about 2 to 3 
percent of the total tension the errors involved in 
the determinations of the corrections clearly are 
negligible compared with the totals involved. 


Experimental results 


In Tables IX and X the final results of the 
comparisons of work and heat in the drawing of 
aluminum and copper, respectively, are recorded. 
Details of calorimetric data and of the various 
items of correction mentioned above are not 
shown since details of procedure and accuracy 
involved by them have been discussed above. 


The first four experiments of Table IX were 
made with beeswax as lubricant and, as previ- 
ously explained, the thermal after-effects caused 
by this render these results somewhat erratic. 
The correction for sensible heat removed by the 
wire was not applied until after experiment 3, at 
which time the slip-thermel was introduced into 
the apparatus. The magnitude of the corrections 
introducible in the first three experiments, judged 
by the succeeding experiments, would be from 10 
to 20 calories additional to the heat item. 

In experiments 5 to 8 the wire used, stated by 
the manufacturer to be soft drawn, was not 
re-annealed after winding upon bobbin J. Prob- 
ably the result of experiment 5 should be rejected 
in the average of these tests, but application of 
Chauvenet’s criterion hardly seemed justifiable. 
At any rate, the average discrepancy between 
work and heat is less than the average deviation 
of the mean of the results and it must be con- 
cluded that no evidence of energy “‘storage’’ is 
disclosed by these tests, the accuracy probably 
being in the neighborhood of 1.0 percent; in other 
words, on the average at least 99 percent of the 
work energy appeared as heat. 

It was suspected, however, that even if the 
original wire were truly soft drawn merely 


TABLE IX. Comparison of work and heat in drawing aluminum. 








Correc- 
tion for 
heat of 
Con- wire Corrected 
Exp. dition with- tension, 
Lubricant of wire drawn kg 


Z 
° 


Corrected 
length, meters ] 1. - 


Discrep- 


Discrepancy, ancy per 





BW 
BW 
BW(s) 


BW(s) 


Sol 
Sol 
Sol 
Sol 


HHA 1 aEc 


ONAM - WHE 
DNDN ND NNN 
PSes v psy 


4.210 54.36 


4.615 51.86 
5.161 52.37 


5.0 

3.9 

6.5 

+ 5.6 

5.496 51.50 +18.5 
— 5.0 

— 6.0 

4.335 48.86 + 5.6 


4.494 53.00 +45. 
6.434 43.93 - 
5.403 54.66 3 


+1i+ + + 


Average 5-8 = 


++++ 4+ 


Average 9-12=+ 4.1+1.0 








BW, wire coated with beeswax; BW(s), wire coated with beeswax used in sat. sol. beeswax in kerosene; Sol, kerosene 
+10 percent sulphurized oil; S.D., soft drawn; RA, re-annealed; U, uncorrected; C, corrected. 
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TABLE X. Comparison of work and heat in drawing copper. 











Corrected 





Corrected 


Exp. tension, length, Work, Heat, 
cal. W-H 


No. kg meters cal. 





Discrepancy, Discrepancy, 


per/g-at. Cu Remarks 

















1 10.724 46.69 1172.4 1096.7 75.7 16.1 Wire A 

2 5.054 48.18 570.2 498.1 72.1 13.2 Wire A, die-polished 
3 4.866 48.40 574.8 513.8 61.0 12.8 Wire A 

4 3.392 48.61 386.2 362.6 23.6 (5.0) Wire A, wire-polished 
5 6.014 35.92 505.9 453.3 52.6 14.8 Wire A 

6 7.722 49.76 899.7 825.6 74.1 15.0 Wire B } a 
7 6.608 49.49 765.7 694.5 71.2 14.6 Sy fees 





Average omitting (4) 14.8+0.7 











winding it on bobbin J would entail sufficient 
cold working to cause an element of uncertainty 
in these results. In the four succeeding experi- 
ments, 9 to 12, the wire, after being wound 
upon the bobbin, was annealed carefully in a high 
vacuum at 350—400°C for 12 hours. In these tests, 
which are the best of those on aluminum, more 
concordant results were obtained and we believe 
that the discrepancy between work and heat of 
4.1 calories per gram-atom is real. This figure 
corresponds to the statement that approximately 
98 percent of the work energy appears as heat. 

In the experiments on copper, the results of 
which are shown in Table X, tests 1 to 4 suffered 
somewhat from rather sharp fluctuations of the 
tension required for drawing. All the samples in 
Table X were wire which had been annealed on 
the bobbin at 350—400°C for 12 hours and it was 
shown that the fluctuations were due to uneven- 
ness of the wire and burring at the die. Various 


expedients of polishing the die or wire were tried - 


and these resulted in the considerable variations 
of drawing tension shown. Tests 5 to 7 were made 
on wires carefully drawn by ourselves before 
winding upon the bobbin and constitute the best 
results obtained. . 

In this case there can be no doubt as to the 
reality of a discrepancy between work and heat 
which averages 14.8 calories per gram-atom, so 
that approximately 90 percent of the work 
appears as heat. The results show that the 
discrepancy is a function of the mass of wire 
and, by noting the effect of tension, it seems 
clear that it is also practically independent of the 
tension, provided it exceeds a certain rather 
indefinite minimum of about 5 kilograms for this 


size wire. In this connection it should be noted 
that not all of the tension is due to the die as the 
wire was bent 5 times in the calorimeter about the 
pulleys and from the bobbin; further, it was 
found advisable for smooth operation to have a 
slight friction on bobbin J to insure straightening 
of the wire before entering the die. Most of this 
work energy appears as cold work in the wire 
but a small indeterminate amount was simple 
friction. All is accounted for, however, since it 
occurs within the calorimeter can. 


N a 


(calories per gram-atom) 
a @ 


Discrepancy W-H 





0 2 4 6 8 10 12 
Drawing tension (kilograms) 


Fic. 2. Effect of tension on apparent energy storage in 
drawing No. 18 copper wire. 


It must be true that at zero tension the 
discrepancy between work and heat would also be 
zero, whence a crude plot of discrepancy between 
work and heat vs. tension may be drawn, as in 
Fig. 2. 

The experiments on copper probably are accu- 
rate on the average, to within 0.4 percent. 
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ParT IV. CHANGES OF DENSITY DUE TO 
COMMINUTION 


It is strange that no serious attempt seems to 
have been made in the past to correlate density 
changes due to comminution with the supposed 
storage of energy in crystals. Compressibility 8 of 
a material is defined as B= (1/v9)dv/dp, where vo 
is the original volume and dp the pressure 
increment. If it is assumed that the work energy 
stored in a system of crystalline particles due to 
comminution is the equivalent of that required to 
compress it to the same state, then 


* (work done on the 
system) 


Boy dp ” f pdo= J 


whence 

P aes per= 2w/voB 
but ~?— p,? will differ but little from (Ap)? in the 
case of liquids and solids when fp» is near 1 
atmosphere and for appreciable volume changes. 
Then quite closely 


— Av/vp=(2wB/v0)? or w= (v0/2B)(Av/v)?. 


These equations should enable the density 
change to be calculated when the work “‘storage”’ 
is known, or conversely, fix the limits of possible 
“‘storage’’ whose measured density changes are 
determinable experimentally. We may, for ex- 
ample, calculate the expected density change 
based on the ‘‘surface-energy’’ measurements for 
sodium chloride of Lipsett, Johnson and Maass," 
who gave 395 ergs per sq. cm for particles of 
1-micron average size, corresponding to 15.3 
calories per mole. Thus for sodium chloride, with 
a compressibility of 43.2-10-7 (pressure in 
, atmospheres) and a density of 2.15, we find 
Av/vp= —0.014, indicating that if the ‘‘surface- 
energy” figure is correct the density of the 1- 
micron crystals should be 1.4 percent greater 
than for large crystals, a change which certainly 
is easily detectable. 

Considerations of this sort caused us to make 
precise density determinations of the various 
samples with which we worked. Carbon tetra- 
chloride was used as the medium for these 
determinations, and the sample selected was 


10 Lipsett, Johnson and Maass, J. Am. Chem. Soc. 49, 
1948 (1927). 


shown to have a density of 1.58244 at 26.00°C, 
which compares well with the figure 1.58248 
obtained by interpolation from the data of 
Timmermans and Martin." The specific-gravity 
bottle containing the density sample was filled in 
a vacuum desiccator, the tetrachloride being 
boiled at 25-20°C to insure elimination of 
occluded gas. Table XI shows the results of these 
determinations. 


TABLE XI. Densities of samples used, grams/cm?, 
vacuum basis. 











Temp. of 
Density deter- 
No. Material Form A.D. of M. mination 
1 Calcite 0.8 mm particles 2.713340.0001 25.0° 
2 Calcite 0.065 mm particles 2.7131+40.0001 25.0 
3 Calcite 0.5 micron particles 2.6956+0.0003 25.0 
4 Hydratedlime Paste (2.078) 
3c Calcite 0.5 micron, corrected 2.7236 
5 Copper No. 32 wire, annealed 8.9209+0.0005 21.2 
6 Copper No. 32 wire, hard-drawn 8.9140+0.0002 22.0 
7 Aluminum No. 32 wire, annealed 2.7147+0.0001 21.2 
8 Copper No. 32 wire, hard-drawn 2.7111+0.0002 21.9 








The question of the correction of the density of 
0.5-micron calcite, shown in line 3 of Table XI, 
for the Ca(OH): and H:O found by the analysis, 
was difficult. We finally hydrated some quicklime 
with an amount of water corresponding to the 
analysis of the impurity and made the rough 
density determination of line 4. The substance so 
prepared was a plastic mass that could not have 
uniform density and certainly was not in the 
same form as the film of impurity on the surface 
of the calcite particles, which had been dried at 
105°C. However, by applying the result for the 
hydrated lime on the basis of additive volumes of 
impurity the maximum possible density of the 
fine calcite may be estimated in corrected form as 
given in line 3c. 

These figures give for the possible change 
Av/vp=0.0038 in the formula derived from 
compressibility and if the compressibility is taken 
as 1.35-10-® we find the maximum possible 
energy storage to be 4.8 calories per CaCOs, a 
figure just slightly less than the experimental 
error of the heat-of-solution experiments. It is 
highly probable, however, that the density has 
been overcorrected by the above estimate, since 
the true density of the surface film of impurity 
must be greater than the figure obtained by 


Timmermans and Martin, J. chim. Phys. 23, 733 
(1926). 
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measurement of the hydrated lime-water mix- 
ture; if the true figure were obtainable, a lower 
corrected density than 2.7236 for 0.5-micron 
material would result and the possible energy 
storage would then be less than 4.8 calories.” 
In the case of the metallic wires, the hard- 
drawn material is less dense than the annealed 
and presumably recrystallized metal. This makes 
Av/vy of the wrong sign for compression of the 
crystal lattice. However, it is obvious from the 
second form of the derived equation that energy 
can be stored by compression or expansion and we 
have therefore calculated the maximum storage 
of energy due to lattice distortion in a similar 
manner. Using 7.42-10~7 and 13.85-1077 for the 
compressibilities of copper and aluminum when 
the pressure is in atmospheres, we find by 
application of the second form of the equation 
that the maximum storage of energy which can 
be accounted for on the basis of observed 
densities is 0.06 cal./g-atom for copper, and 0.15 
cal./g-atom for aluminum, figures which are 
much less than the observed discrepancies 14.8 
and 4.1 cal. in the wire-drawing experiments, and 
are indeed beyond the limit of conceivable 
accuracy of measurement by the methods obvi- 
ously available. If the density of wires of this 
size is uniform throughout the cross section, the 
conclusion that the discrepancies found cannot 
represent energy stored by lattice distortion of 
pure crystalline metals seems valid. In cold- 
worked sections of larger size there seems to be 
unmistakable evidence in the literature for some 


The overcorrection of density and heat of solution 
results for fine material is explainable by the failure to 
use correct figures for the density and heat of solution of 
the adsorbed film. When lime was hydrated with the 
amount of water corresponding to the analysis of 0.5- 
micron calcite a plastic mass containing free water was 
formed but material of similar properties certainly did not 
exist at the surface of the fine calcite crystals, which had 
been dried at 105°C. The pseudohydrate corresponding to 
the analysis must exist only as an adsorbed film, as 
Thorvaldson and Brown showed that no hydrate of lime 
other than 1H,O : 1CaO forms normally at 21°C. Both 
strontium and barium oxides, however, form octahydrated 
crystals with the evolution of heat when water is added to 
the lower hydrate forms. Hence the heat of solution of the 
pseudohydrate is less and its density greater than for the 
normal hydrate form; if correct figures could be obtained 
they would tend to cause greater concordance between the 
corrected figures for fine calcite compared to coarse. 





variation in density, but definite proof con- 
cerning the quantitative relationships involved 
must await further experimental work. It seems 
improbable that a sufficient variation in density 
can be present in wires of this size adequate to 
explain the observed energy discrepancies. 


Part V. MEANING OF RESULTS 


If the direct results of our experimental work 
are summarized, the conclusions would be as 
follows: 

1. No evidence for increase of intrinsic energy 
of calcite due to comminution to 0.5-micron size 
could be found by heat-of-solution experiments; 
if such increase exists, it is less than 0.2 percent of 
the heat of solution and probably outside the 
limits of direct experimental disclosure. 

2. Previous measurements purporting to show 
a considerable and readily detectable increase of 
intrinsic energy by this method are in error 
because of failure to correct for the change of 
composition produced in the sample by com- 
minution. 

3. We suspect, but have not proved, that 
previous measurements on other materials, by 
heat-of-solution methods, may be in error for 
the same reason and we would not accept such 
measurements unless adequate analytic evidence 
were adduced to prove that uncontaminated 
samples of very fine particles had been or can be 
produced. 

4. It has been shown, to us, conclusively, that 
single crystals and hard-drawn and annealed 
specimens of copper and aluminum do not show 
differences of measurable entropy at 298°K 
greater than a few tenths percent, representing 
the accuracy of measurement, and that any 
actual difference must be accounted for by zero- 
point entropy. 

5. Comparison of work and heat in the 
deformation of metallic crystals of copper and 
aluminum shows that only when carefully an- 
nealed samples are used can a discrepancy 
between work and heat be shown to exist. This 
discrepancy, for a given degree of cold working, is 
directly proportional to the mass of metal. It is 
not directly proportional to the degree of cold 
working but reaches a nearly constant value 
when a certain rather indefinite degree of cold 
work has been accomplished. 
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An important conclusion of our experimental 
work is that any rigorous demonstration of 
measured differences in the properties of pure 
crystalline materials in different states of sub- 
division must prove that no change of homo- 
geneity has accompanied the comminution. In 
the case of the calcite we have direct proof that 
the supposed increase of intrinsic energy was due 
to a change in composition rather than distortion 
of the crystal lattice. In the case of the deforma- 
tion of the metallic crystals of copper and 
aluminum the evidence is less direct and not 
obtainable by chemical analysis but the hypoth- 
esis that the process of cold working produces a 
change of state of part of the metal is the only one 
fitting the experimental facts, including the 
density relations. 

A qualitative experiment which we performed 
seems illuminating. In connection with the use of 
the slip-thermel for measuring the loss of sensible 
heat in the wire withdrawn from the calorimeter, 
measurements were made to show that the 
tension in the wire constituting part of the 
thermel did not produce appreciable errors. 
Samples of the two wires (copper and aluminum) 
were placed upon a frame in such a manner as to 
constitute a thermel, strained copper vs. annealed 
copper, and strained aluminum vs. annealed 
aluminum. The frame work was partly immersed 
in liquid air and tension applied nearly to the 
rupture point of the wire, the thermal e.m.f. 
being noted. A typical test on aluminum was as 
follows: 0 tension, 3.50 microvolts e.m.f., all due 
to parasitic e.m.f.’s. When the tension was 
increased gradually to 5.5 kg the e.m.f. was 
1.90uv, that is, the e.m.f. due to tension was 
1.60uv. When the strain was removed the e.m.f. 
returned to 3.22uv; brought back to 5.5 kg the 
thermel read 1.88uv and back to zero tension, 
3.22uv. In the case of copper, 0 tension, —0.60uv, 
8.0 kg tension +0.70uv, back to zero tension 
—0.70uv. 

The thermal e.m.f. due to strain was negligible 
as far as the slip-thermel readings were con- 
cerned, since practically constant tension was 
maintained during the use of the couple. Present 
interest centers in the fact that when the strain 
was removed the residual effect was only 0.28uv 
for aluminum and 0.10yv for copper in the first 
test and after the first straining later trials 
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showed no further effect if the original stress was 
not passed in succeeding tests. 

From this experiment it seemed probable that 
if strictly pure metal were used no parasitic 
e.m.f.’s could be produced. We proceeded to 
draw a wire from spectroscopically pure zinc 
containing less than 0.0001 percent impurity, as 
the purest metal available. The wire was annealed 
carefully before test. The e.m.f. with zero strain 
was +1.15yv, with 1.0 kg tension +0.50uv, back 
to zero strain +0.75uv. The use of chemically 
pure metal did not eliminate the parasitic 
e.m.f.’s nor residual effects and since these could 
be due only to inhomogeneities we conclude that 
the inhomogeneity is physical. There are no 
allotropic forms of pure crystalline zinc, whence 
the inhomogeneity was either crystal orientation 
or due to the appearance of a form of zinc which 
was not crystalline and which we shall call the w 
form, without specifying its nature at present. 
Since the original wire was carefully annealed, we 
ascribe the +1.15yv parasitic e.m.f. to the effect 
of crystal orientation, the w form presumably 
being absent because of recrystallization but we 
ascribe 1.15 —0.75=0.40xzv residual difference to 
the appearance of a new inhomogeneity produced 
by strain. 

Unannealed wire of spectroscopically pure zinc 
is extremely brittle at liquid-air temperatures but 
when 0.05 percent lead was added to spectro- 
scopically pure zinc and a new wire produced, the 
lead-containing wire had high ductility at liquid- 
air temperatures. Since it was still largely 
crystalline zinc, we conclude that the brittleness 
at this temperature is not due entirely to the 
properties of normal crystalline zinc but to the 
form produced. Thoroughly annealed wire 
(recrystallized) was brittle, because of grain 
growth; cast rods of spectroscopically pure zinc 
cannot be directly drawn, but a small amount of 
swaging produces ductility, so that a } inch rod 
can be drawn after swaging to No. 32 wire 
without annealing and with an apparent increase 
of ductility. The hypothesis supposes the 
ductility to be due to the w form in the spectro- 
scopically pure metal and to lead in the inter- 
crystalline slip planes when the impure wire was 
made. 

It is natural to associate the properties of the 
form produced by stresses beyond the elastic 
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limit on pure metallic crystals with those of an 
amorphous metal or supercooled liquid, a theory 
advanced by Beilby™ but severely criticized by 
physical metallurgists.'* Our tests on the dis- 
crepancy between work and heat in drawing 
enable us to make approximate estimates of the 
amount of w-phase metal by two independent 
methods. 

Consider first the densities of hard-drawn and 
annealed copper and aluminum. From _ the 
measurements of Bornemann and Sauerwald!® 
the density of liquid copper at the melting point 
is 7.982 and that of solid copper at the same 
temperature 8.350. According to Hidnert!® the 
thermal expansiveness of hard-drawn copper 
changes less rapidly with the temperature than 
the same copper annealed. Therefore the differ- 
ence of density of pure crystalline copper vs. the w 
form at room temperature is concluded to be 
greater than 8.350—7.982=0.368 and less than 
8.920 —7.982=0.938. Then the percentage of w 

‘form in the hard-drawn wire used by us is less 
than (8.9209—8.9140) /0.368=1.9 percent, and 
greater than (8.9209—8.9140) /0.938=0.74 per- 
cent. 

Similarly, in the case of aluminum, Bornemann 
and Sauerwald give data leading to the density 
2.397 for liquid metal at the melting point and 
2.558 for the solid, whence the observed density 
differences lead to the conclusion that the w phase 
present is less than 2.2 percent and more than 
1.1 percent. 

As an alternative method of calculating the 
amount of the w phase, comparison may be made 
between the heat of fusion for the metal in 
question and the differences of heat and work 
observed in the drawing experiments. The heats 
of fusion at the melting point of copper and 
aluminum are 3110 and 2550 calories; corrected 
to ordinary temperatures in a conventional 


* Beilby, Aggregation and Flow of Solids, Macmillan 
Company, London (1921). 

* Dean and Gregg, General Theory of Metallic Hardening, 
Pamphlet of Western Electric Co., Feb., 1927. 

® Bornemann and Sauerwald, Zeits. f. Metallkunde 14, 
155 (1922), 

’* Hidnert, Bur. Standards Sci. Papers No. 410 (1921). 
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manner and assuming that the specific heat of 
the supercooled liquid is constant, the heats at 
25°C would be approximately 2300 for copper 
and 2400 for aluminum, whence the calculated 
content of the w phase is 14.8/2300= 0.64 percent 
for copper and 4.1/2400=0.17 percent for 
aluminum. 

Comparison of these results shows that while 
the calculated content of the w phase is of the 
same general order of magnitude by the two 
methods, the figures can scarcely be said to 
confirm satisfactorily the hypothesis that the w 
phase is essentially supercooled liquid. It should 
be noted, however, that the density results were 
obtained on finer wire (No. 32) than the energy 
discrepancy (No. 18 wire) and it may be sup- 
posed that the amount of the w phase bears some 
nearly inverse functional relationship to the size 
of crystal particles formed by the drawing 
process. 

In conclusion, we can only describe our work as 
having failed to disclose, by careful measure- 
ments of the energy changes in comminution, any 
change in energy content of certain crystal 
lattices due to decrease of particle or crystal size 
which is not ascribable to lack of homogeneity of 
small crystals. Such calculations of surface 
energy as those of Born and Stern” or their later 
modifications by Lennard-Jones and Dent" or by 
Dent"® on the surface energies of alkali halide 
crystals, seem to make the implicit assumptions 
that crystals may exist without other inhomo- 
geneity than some rather minor distortion of the 
crystal boundary, or its surface ions, but 
practically it remains to be proved that such a 
situation is either common or possible in nature. 
If chemical inhomogeneity (adsorbed films) or 
physical inhomogeneity (polymorphic change) 
is, as may be supposed, the inevitable con- 
comitant of decrease of particle size, such 
calculations seem of little value in describing the 
properties of actual materials. 


17 Born and Stern, Sitz. Preus. Akad. 48, 901 (1919). 

18 Lennard-Jones and Dent, Proc. Roy. Soc. Al21, 247 
(1928). 

19 Dent, Phil. Mag. (7) 8, 530 (1929). 








The Surface Tension of Debye-Hiickel Electrolytes 


Lars ONSAGER* AND NicHo.As N. T. SAMARAS, Sterling Chemistry Laboratory, Yale University 
(Received May 29, 1934) 


As has been shown by Wagner, the increase of the 
surface tension caused by the addition of a strong electro- 
lyte to water is mainly due to the repulsion of ions from 
the surface by the electrostatic image force. Due to the 
shielding action of the “ionic atmospheres,” of radius 1/x, 
the image force is appreciable only within distances of the 
order 1/x from the surface. The computations become very 
complicated if, as Wagner did, one attempts to allow for 
the variation of «x with the depth in accordance with the 
decreased concentration of ions in the surface layers. 
Fortunately, a detailed analysis of the problem shows that 
this refinement may be dispensed with as a first approxi- 
mation, and that the formulas thus derived will be accurate 
for not too high concentrations. The same analysis tends 
to show that Wagner’s procedure supplies only a part of 


the intended correction, so that the results will be appli- 
cable only over a slightly wider range of concentrations 
than the convenient explicit formulas which are derived 
from the simplified theory. In the limit of low concentra- 
tions, the increment of the surface tension is proportional 
to clogc. The theory accounts reasonably well for the 
observed surface tensions up to 0.2 N concentration. The 
discrepancies, while partly due to mathematical approxi- 
mations, may be of some physical significance and would 
mean that for small distances the repulsion from the 
surface is greater than expected from Coulomb's law. 
Nevertheless, the agreement obtained verifies Coulomb's 
law for univalent ions at distances greater than a molecular 
diameter from the surface. 





INTRODUCTION 


T was first shown by Heydweiller and his co- 

workers! that the solutions of inorganic salts 
in water have greater surface tensions than that 
of the pure solvent. Thermodynamically inter- 
preted, this result indicates a deficiency of solute 
in the interface region. Since different uni- 
univalent salts, added in equivalent amounts, 
cause about the same increment of the surface 
tension, the effect is apparently determined by 
the charges of the ions. Heydweiller sought an 
explanation in the electrostatic attraction be- 
tween the ions. However, after Debye and 
Hiickel had provided a workable basis for the 
computation of interionic forces, Wagner? was 
able to show that the principal effect is due to 
the “image force” near the boundary between 
two dielectrics, e.g., water and air. In this 
picture, the “ionic atmospheres” of Debye and 
Hiickel are called upon to limit the depth of the 
layer in which the ions are repelled from the 
surface. 

The mathematical problems involved are very 
difficult. Wagner was able to formulate differ- 
ential equations comparable in accuracy to the 


* Sterling Fellow. 

t Honorary Fellow. 

1 Heydweiller, Ann. d. Physik (4) 33, 145 (1910). 
2 Wagner, Phys. Zeits. 25, 474 (1924). 


approximation of Debye and Hiickel. After a 
further simplifying approximation, Wagner ob- 
tained by integration an implicit formula for the 
adsorption potential. From this stage, he had to 
proceed by laborious numerical integrations in 
order to compute the deficiency of solute in the 
interface region, and finally the surface tension. 
In the present work, we shall not attempt to 
improve the accuracy of Wagner’s computations. 
Instead, we shall adopt a further simplification 
which we believe not to impair greatly the accu- 
racy, and which leads to explicit formulas that 
can be easily handled. Our main result is the 
following limiting law for the surface tension: 


o=09+const. Xc log (const. /c). (1) 


Like Wagner, we shall limit ourselves to binary 
electrolytes, although our computations can be 
extended without much difficulty to asymmetric 
valence types as well. 


THE STRUCTURE OF THE INTERFACE LAYER 


According to general kinetic principles, the 
concentration c(x) of solute at a distance x from 
the boundary depends on the work W(x) required 
to bring a molecule of the solute—or an ion, as 
the case may be—from the interior of the solu- 
tion to a point at the depth x. The connection 
between c(x) and the adsorption potential W(x) 
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is given by the Maxwell-Boltzmann formula 
c(x)=c exp (— W(x)/kT), (2) 


where c=c(«) denotes the concentration in the 
interior. In the case of an electrolyte, every 
species 7 of ions should be considered as a sepa- 
rate kind of molecule, which may possess its 
individual adsorption potential W;(x). Only for 
binary electrolytes, the adsorption potentials 
W(x) and W2(x) of anions and cations are apt 
to be very nearly equal. 

We now proceed to compute W(x) from 
Wagner’s picture. First, let us consider a single 
ion of charge e, in a medium of dielectric constant 
D, at a distance x from a plane boundary against 
another medium of dielectric constant D’=1 
(air). The electrostatic potential y in the medium 
containing the ion will be 

e (D-1) e 


Dr, (D+1) Dro 





(3) 


where 7; denotes the distance from the ion, and 
re the distance from its image with regard to the 
boundary (see Fig. 1). The second term in (3) is 
due to the fictitious charge at the boundary, 
which exerts the force 


aw — ] (D-1) @& 
ax L(D+1) Drt}e* (D+1) 4Dx? 











on the ion. The potential of this force equals . 


(D-D’) & (D-1) 2 
W(x) =————- ——-= —. (4) 
(D+D’')4Dx (D+1) 4Dx 





As pointed out by Wagner, an adsorption poten- 
tial of the type (4) would cause an infinite 
increment of the surface tension, because the 
adsorbed amount would be 


tee) 


A=c{ (—1+e-Wr)dxy=— 0, 


The paradox readily resolves itself when we take 
into account the screening of the electrostatic 
force by the other ions. According to the theory 
developed by Gouy and by Debye and Hiickel,' 
the screening by an electrolytic conductor limits 





*Gouy, J. de Physique (4) 9, 457 (1910); Debye and 
Hiickel, Phys. Zeits. 24, 185 (1923). 
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Fic. 1. Diagram for computing the electrostatic potential 
due to a point charge e and its image [(D—1)/(D+1) Je 


we. 


the effective range of electrostatic forces to a 
distance 1/x, where 


= (4r/DkT) > nse?. (5) 


Here, 1, #2, -- - denote the numbers of ions with 
the charges ¢1, é2, --- per unit volume. Instead 
of the Laplace equation 


Ay=0, 


the electrostatic potential obeys the differential 
equation‘ 
Ay — xy=0. (6) 


We must now remember that the concentration 
of electrolyte near the surface is less than that 
in the interior of the solution. In Eq. (6), there- 
fore, the value of «x? at a given point depends on 
the distance ~ from the surface to this point 
according to Eqs. (5) and (2). In cylindrical coor- 
dinates (¢, \) we should write 

ay 1a ( 0 


y 
—) = #0. (7) 
Or 


0 RAOA 


We face the task of solving this equation for the 
case that an ion of charge e is present at the 
point (=x, A=0). For —&>0, «(£) is given by 
Eqs. (5) and (2), while for §<0, «2(¢)=0. At the 
boundary §=0, y¥ is continuous and dy/dé 
changes by the factor D. 


4 Regarding the approximate nature of this equation, 
see Onsager, Chem. Rev. 13, 73 (1933). 
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In order to obtain an approximate solution 
of this problem, Wagner replaced the dielectric 
constant D’=1 of the adjoining air by 


D’=0. (8) 


It can be shown that the relative error in W due 
to this approximation is less than 2/(D+1). If 
desired, the corrections to W due to the finite 
value of D’ can be computed by expansion in 
integrals of cylinder functions. 

Wagner made one more approximation, which 
served to remedy the most inconvenient feature 
of Eq. (7), that is the variation of x? with & For 
this purpose, he replaced x*(¢) throughout by 
x?(x). The resulting approximate equation can be 
readily integrated, but leads to an implicit 
equation for W(x). Substantially simpler results 
can be obtained by the more drastic approx- 
imation® 

K°(£) ~ K?( 00) = K?, (9) 
Let us try to estimate the errors involved by the 
two approximations. First, we note that Eq. (4), 
where the shielding is entirely neglected, must 
give us an overestimate of W, and therefore an 
underestimate of «*(£). It makes no important 
difference if we adopt Wagner’s first approx- 
imation D’=0, whereby Eq. (4) becomes 


W(x) =e?/4Dx. 
We shall write 
q=e?/2DkT. 


For univalent ions in water, the length q equals 
3.5X10-8 cm. If the concentration of the elec- 
trolyte in the interior is c, then at a distance & 
from the surface it will be at least 


c exp (—g/2£)Sc(é). (11) 
Therefore, as soon as £=q, x«?(é) is certainly com- 
parable to x*(). It also follows that, if 
xq <1, 


the shielding range near the surface will be of the 
same order of magnitude as that in the interior of 
the solution. In conjunction with Eq. (11), this 
observation provides a basis for estimating the 


(10) 


5 Oka (Proc. Phys.-Math. Soc. Japan 14, 649 (1932); 
ibid. 15, 407 (1933)) adopted this equation as a starting 
point for his computation. Due to an oversight on his 
part, he obtained twice our value for the adsorption 
potential. 
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total deficiency (—A) of electrolyte per unit 
surface area. On account of the shielding, we 
need only consider a layer of the depth m/x, 
where m is some constant comparable to unity. 
For x<m/x, we apply the estimate (11), and 
obtain 


m!/« 
—A~cf [1—exp (—q/2x) ]dx 
0 
~ 3¢q log (m/xq). 


This deficiency is equivalent to a layer of the 
thickness 


(12) 


entirely depleted of solute. With very little 
actual computation, we have thus, in effect, 
demonstrated the general form of the limiting 
law (1) for low concentrations. It is important 
that although 6 increases logarithmically when 
kq approaches zero, still 6 increases much less 
rapidly than 1/x, so that 


Ko<1 (13) 


We now have to consider how the decreased 
concentration of electrolyte near the surface will 
affect the shielding of the electrostatic force 
between an ion and its image. An exact solution 
of the problem is very difficult; but it can be 
shown that the shielding depeciids mainly on the 
concentrations in the layers between the ion and 
the surface. In case of a constant “‘shielding coef- 
ficient’”’ x, the absorption of the force-lines in- 
troduces a factor 


5~3q log (m/xq), 


when «xg<1. 


exp (—«r) 
in the potential of a point source. An ion at the 
distance x from the surface is at the distance 2x 
from its image, so that the corresponding shield- 
ing factor would be 


(14) 


Now if a layer of the thickness 6 contributes 
nothing to the shielding, then the exponent in 
Eq. (14) will be changed (at the worst) to 
2(x—6)x; so that the relative error involved by 
the approximation (9) is not greater than 


e?*§ 1 ~2K5~AA/A. (15) 
We have shown already (formulas (12) and (13)) 
that an error of this order of magnitude may be 
neglected for sufficiently low concentrations of 
electrolyte. 


exp (—2xx). 





— ee 


= F = DP 


SURFACE TENSION OF ELECTROLYTES 


This analysis throws light on Wagner’s 
approximation as well. In his computation he 
replaces «*(€) throughout by x(x). It seems 
probable that this approximation still involves 
an overestimate of the “‘effective’’ x, considering 
that the shielding is mainly effected by the 
region 0<&<x, where c(£) <c(x). We therefore 
believe that Wagner’s error, although smaller 
than ours, is still of the same order of magnitude, 
given by (15), and in the same direction. Both 
computations lead to overestimates of x, with 
consequent underestimates of W, A, and finally 
of the increment of the surface tension. Both 
computations are correct in the limit of low con- 
centrations. 

We now compute the adsorption potential 
with the aid of the approximations 


D’'=0, «2(€) = «?( 0) =x. 


With these assumptions, and for the case of 
point ions with charges e, e present at (=x, A=0) 
and (= —x, A\=0), the solution of the differ- 
ential Eq. (6), 

Ay—*y=0, 


assumes the simple form 
y =ee—*"!/Dr,+ee—*"?/Dro. (16) 


Here, y is the electrostatic potential in the 
medium containing the ion, and the second term 
arises from the fictitious surface charge, which 
exerts the force 


ow 0 (—) 0 (—) 

Ox Ore\ Dre n-tz ax \ 4Dx 
on the ion. Consequently, the adsorption poten- 
tial W(x) is 





X CwAU) 


Fic. 2. Density distribution in the interface region for 
uni-univalent electrolytes. The concentrations are 0.1 
mol./l. (upper curve) and 0.001 mol./I. 


z ow ere 2x2 
we) = f —dx = ; (17) 
» 4Dx 


Combining expressions (2) and (17) we obtain 
c(x)/c=e-Pe 4/4 DEE = g—ae-™ 22, (18) 


This density distribution is shown in Fig. 2, for 
uni-univalent electrolytes and for concentrations 
of 0.1 (upper curve) and 0.001 mol./I.; the cor- 
responding values of the shielding range 1/x are 
10A and 100A, respectively. 

If we consider the size of the ions as well, and 
introduce the Debye-Hiickel ‘‘mean distance of 
approach” a which we may take, with Wagner, 
as small compared to x, formula (17) is modified 
as follows: 


«xa e 
W(x) = gt, (19) 
1+ «a 4Dx 


COMPUTATION OF THE SURFACE TENSION INCREASE 


The total amount ‘‘negatively” adsorbed per unit change in surface area is thus given by 


es] 
0 


If, for convenience, we substitute 


g=e?/2DkT; 


h=[e*/(1-+«a)]xg; 


uUu=2kx, 
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expression (20) becomes 


A=(c/28) { (ere “/4— 1) du = (c/2x)I. (22) 
0 
First, we proceed to evaluate J by integration in the complex plane.* Let z= —u; then, 

—0 

r= [ (ere*/2— 1) dz. (23) 

Consider the integral 

(0+) 

b= (1/2ni) [ (ere*/2—1) (e*/z)Fdz, (24) 


where —1<8<1, and !arg (z) | =7; the path of integration runs from —* counterclockwise around 
the origin and back to —. In analogy with Hankel’s treatment of the gamma function,’ the 
contour integral (24) may be broken up as follows: 


—0 
®=(1/2ni) (ehe#l2 — 1) e82{ (—z)—Beri8 — (—z)—Be-ti8 dz 


(0+) 
+(1/2ni) f (ere*/2— ] )e82zg-hdz=@,+,. (25) 
Since a” 


—0 
®, = (sin rB/=) [ (ehe*/2— 1 )e82( —z)-8dz, 


it can be easily seen that 





0;(B) 1 tite 1 0 
=lim —,() -{ (ete7/2-1)dz=I, or I=lim —(#—*2) -|—@-9) ; (26) 
OB Jgao 9 B +0 B 0p g—0 


Now, with the aid of Hankel’s formula’ for the gamma function, 


—6 


(0+) 
b= (1/2ni) | (ee*/2—1)(e7/z)8dz 
ia hn(n+)*+8-1 1 (0+) 
=) -_— e7("+8)(g(m+ B))—“"+8)d(z(n+8)) 
n=l n! 2711/4 _« 
- h"(n+ B)"+6-1 ae h (n+ B)"+8 
= ni(n+B) xn !T(n+B+1) 











(27) 
To handle the integral 
(0+) 
d,= (1/2ni) f (ehe*/2— 1) e82g-bdz 
-0 


we may substitute e*/z=1/t, and by Lagrange’s theorem® expand z in the following power series in /: 


s= - (n°—/n !)t". 


n=1 


6 This integration can also be carried out by expanding 7 Whittaker and Watson, A Course of Modern Analysis, 
in modified Bessel functions of the second kind—a more pp. 244, §12.22, Cambridge University Press, 1927. 
laborious method. 8 Whittaker and Watson, reference 7, p. 132, §7.32. j 
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SURFACE TENSION OF ELECTROLYTES 


By common criteria, the expansion is valid within the circle of convergence, |¢| =e~'. Hence, 


" 1 plo 
=>) — ee (e*/*—1)¢-8-Iq¢ 
n=1n! 222 
or, taking 1/t=v, 


~ (0—) o nh 1 (0+) 
,=)>> —_—n (e" v—])y8-"—-1(—dv) = >> — (e**—1) (hv) 8-"—"'d (hv) 
n=1n!201 n=1 n! 2mid_ 


o nm"hr-8 1 (0+) nhr-8 


=> “== e**(hv)®-"—!d (hv) = > (28 
n=1 mn! 2nid_, a= nT (n— B+1) 





From Eqs. (27) and (28) 


O® o h"® 0 n” OP, on" O h” 
oie? Gi. tae 
OBJ peo »=1n! On\T(n+1) OB J sao n=1n! On\T(n+1) 


Therefore, expression (26) gives 


hn @ n” n™ @ hn 
f erc—tdu= T=lim ‘(o- 6) =5 | )+ pest )} 
0 0B T'(n+1) on T'(n+1) T'(n+1) on\T(n+1) 











0 =| nh” 


| 


o nh” 
| =x log. (nh) +1—2 
I'(n+1) 


T(n+1)(m+1)) n=1n!n! 


n=1 On 


= 2, 


n=1n'n! 


o nh” 1 
loe. (nh) +1-427—25° -|, (29) 


n=17N 
where 
y= Euler’s constant =0.5772157---. (30) 
We shall write 
nil 
gn=log. n+1+2y—2> -. (31) 


n=1 7 
By combining formulas (22), (29) and (31), we finally have for A, 
n"h” 
A=— ~~ (loge h+gn). (32) 


2x »=1n!n! 


It is clear that, for binary electrolytes, A denotes the number of moles of solute “negatively” 
adsorbed per unit increase of interface area. The relation between the change of surface tension and 
A is given by the adsorption equation of Gibbs, which can be put into the form® 


A= —(00/0F2),= —d0/RT@ log, as; (33) 


s is the area of the surface, F2 and as, the partial molal free energy and the activity of the solute, 
respectively. Hence, from Eqs. (32) and (33), 
C o nh” 
do= —RTd log. a2 — >» (log. h+gn), (34) 
2x n=1 n\n! 


where, for the electrolytes considered, a2 is defined by 


* Lewis and Randall, Thermodynamics, p. 250, McGraw-Hill, 1923. 
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log. d2= 2(log. c+log. f). (35) 
The Debye-Hiickel expression for f, the mean activity coefficient of the solute, is 
log. f= —ex/2DkT(1+x«a)= —qx/(1+ka), (36) 


whence d log. f= —[q/(1+x«a)* dx; and, since x°=(8rNe?/DkT)c=162Nqc, Eq. (34) readily as- 
sumes the form 
kT wo n” qk 
do=-— 2 (2-——_); "(loge h+gn)dk. (37) 
(1+«a)? 


167g =n !n! 





If we adopt the approximation a=0, which amounts to the well-known Debye-Hiickel procedure of 
treating the ions as point charges, the individual terms in the series can be integrated in closed form. 
We shall write 

y=xg=h; (38) 


then the surface tension o of a solution containing c moles of electrolyte per cc is given by 
kT wo nm" 
7 * 
167g? »=1 0 !n! 


kT o n” 2y"t1 1 yet? 1 
== ) | (oe. oe +8») oat (oe. I +8») | 
167g? n= n!n!\n+1 n+1 n+2 n+2 





o—o9=Ac=— 


f (2—y)y"(loge y-+gn)dy 
0 




















T kT 
= (Y.+Y,)= Y. (39) 
167q° 167q? 
In the limit, neglecting the contribution from the activity coefficient, 
Ao = —(kT/167q") y*(log. y—3 +1) = — (Ne?/2D)c{log. (xq) —0.34557}, (40) 
where N denotes Avogadro’s number. For uni-univalent electrolytes the limiting law becomes 
og = 09+ (79.517/D)m logio (1.143 X 10-'35(DT)3/m) ; (41) 


m is the concentration of the solute in moles per liter. Thus, with water as the solvent, formula (41) 
gives 
Aoo73= 0.904m log io (1.585, m), Ago93= 0.989m logio (1.493/m), (41a) 


the subscripts in Ao indicating the absolute temperature.” 

We shall confine our numerical computations to uni-univalent electrolytes in water. Inasmuch as 
the surface tension increment is extremely small for very low salt concentrations, the limiting law 
(41) cannot be tested directly. We may, however, employ formula (39), which can be easily modified 
to allow for the size of the ions. Numerical calculations show that the values for Ao are practically 
independent of the exact value chosen for a, the Debye-Hiickel mean distance of approach for the 
ions, and hence, if we take for convenience 

a=q=eé/(2DkT) (42) 
(go73= 3.457A; go9,= 3.527A), we have 


h=xq(e*?/(1+«g)) =y(e"/(1+y)). 
We then obtain from Eq. (37) 


Ao =(kT/160g?)(Y.!+ Ys’) =(kT/16 0g") Y’, (43) 
10 The dielectric constants of water have been calculated D =78.54[1 —0.00460(t — 25) +0.0000088(t—25)?], 
from Wyman’s equation (Phys. Rev. 35, 623 (1930)), where ¢ is the temperature in degrees centigrade. 
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SURFACE TENSION OF ELECTROLYTES 


o 2m" ev \* y 
Y/=-> for( ) {tog.—"—+y-+e0} dy 
n=i1n!n! Jo i+y 1+y 


a n” y gt ev n y 
Y¥/=2 [ ( ) {log. ——+y-+ 2nd. (43a) 
n=1n'n!« 0 (1+)? 1+y i+y 


The integrations can be performed by multiplying the absolutely convergent series e’ and (1+ ~7)~”, 
y?<1. Then all the integrals are reduced to an easily integrable single type, and the series involved 
converge very rapidly for the concentrations in which we are interested. 

Expression (39) (or (43)) can be put into the useful form 


Y Y.+Y; 2X10%o.D/ Ac 
— = ) =a. 


where 

















(44) 
y y Neé moo 


Aa@ is the increase in surface tension per mole divided by the surface tension of the solvent, and 
y? = ¢g? = (1.746 X10" /(DT)*)m=Bm. (44a) 


The magnitudes of AAa for concentrations up to about 0.18 mol./I., computed without and with 
allowance for the ionic diameter a, are given in parts I and II of Table I. The contributions to A Aa 


TABLE I. Theoretical values of AAa for uni-univalent electrolytes in water. 











I II 
¥ Y./y* Y;/¥ Ada yx Y.'/y¥° Y,'/y¥ Ada 
0. 00 0. 0 
0.0063 3.048 —0.076 2.972 
0.0126 2.747 —0.097 2.650 
0.0189 2.576 —0.111 2.465 
0.0315 2.367 —0.134 2.233 
0.0378 2.295 —0.141 2.154 | 0.0378 2.308 —0.107 2.201 
0.0630 2.095 —0.163 1.932 | 0.0856 2.003 —0.125 1.878 
0.0944 1.944 —0.184 1.760 
0.1259 1.840 —0.203 1.637 | 0.1259 1.867 —0.132 1.735 
0.1574 1.760 —0.217 1.543 
0.1889 1.697 —0.228 1.469 | 0.1963 1.718 —0.139 1.579 
0.2014 1.675 —0.232 1.443 
0.2266 1.634 —0.241 1,394 











from the concentration factor and from the activity coefficient factor in the activity of the solute 
are shown separately. 

The contribution to the surface tension increment from the linear term fc of the activity-coef- 
ficient expression 


log. f= —qx/(1+«a)+ 8c, 
where 8 is a constant characteristic of the individual electrolyte, is given by 


2R TB co n"q" 


xa e*¢ n Ka q 
Aog=— > f (xa)**#( ) toe. +xa+log.—+2,}d(xa). 
(167N)*q? n=1 2! !a"t3 el, 1+xa 1+x«a a 


For the highest concentrations considered this total effect is found to be small, and hence individual 
differences between electrolytes have been neglected in the numerical computations. It has already 
been mentioned that differences in the value for a, the ionic diameter, hardly affect the numerical 
result. For example, at m= 0.1, assuming a= q= 3.46A, A Aq has the value 1.735; if we take a= 2.81A, 
Ada, computed from formulas (37) and (44), is 1.715. At low concentrations, individual differences 
due to these two characteristics are still smaller. 
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COMPARISON WITH EXPERIMENT 


That, for low concentrations, neither of the 
factors characterizing individual electrolytes 
(a and 8) enters prominently in the theoretical 
expressions is in accord with the conclusion 
drawn by Heydweiller,! and more recently by 
Schwenker," that for a given concentration the 
increase in surface tension is the same for all 
uni-univalent electrolytes examined, within the 
limits of the experimental error. 

In Fig. 3, we have plotted the values of AAa 


ais Q2s 


Fic. 3. Theoretical variation of AAa@ for uni-univalent 
electrolytes (solid and dotted curves), and AAa values 
from the available experimental data. 


given in Table I against y?=Bm; the upper 
curve shows the effect of introducing the size of 
the ions. The dotted curve has been drawn 
through the four points calculated by Wagner 
for T=291. The full dots correspond to the 
values experimentally determined by Heyd- 
weiller and his co-workers for LiCl, NaCl, KCl, 
NH,Cl, NaNO; and KNO;. The data of 
Schwenker (for LiCl, KCl and NaCl) are 
represented by the circles; his measurements 
were carried out at 7=273. The values of the 
constants A and B (see Eqs. (44) and (44a)) for 
the two temperatures are (at 7=273, D=88.00, 
oo= 75.597 dynes/cm; at T=291, D=81.103, 
oo= 72.8 dynes/cm) 


Aoz3= 96.32 ° Boz3= 1.259 


Ao1= 85.49; Boy, = 1.328. (45) 


As a crude scale for comparing the magnitude of 
the total effect we have given the value for A Aa 
obtained on the assumption that c(x)=c for 


1 Schwenker, Ann. d. Physik 11, 525 (1931). 
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x>1A, and c(x)=0 for x«<1A (this value is 
0.579 at T=273 and 0.568 at 7=291). 

The agreement between the data of Heyd- 
weiller and those of Schwenker leaves a great 
deal to be desired; probably, Schwenker’s 
measurements represent an advanced technique. 
We must bear in mind, however, that the effect 
to be measured is quite small. Schwenker esti- 
mates that the relative error of his measurements 
is 0.011 percent, which, on the large scale of 
Fig. 3, corresponds to changes in Ada of 
0.0133/(Bm) units. 

Examination of the data for the individual 
salts indicates that, for low concentrations, Aa 
increases rapidly with decreasing concentration, 
an observation which did not escape Heydweiller. 
Yet, the comparison between Schwenker’s data 
and the theoretical curve is not entirely con- 
clusive, partly due to the approximations made 
in the theory, and partly because of the experi- 
mental uncertainty. It is evident from the 
analysis given in a preceding section that an 
exact computation would raise the theoretical 
curve; also, it is possible that a revision of 
Schwenker’s measurements might lower the 
experimental curve. If, however, the difference 
is real, it would mean that there are additional 
repulsive forces at play between the ion and the 
surface, besides the Coulomb image force. In 
the present stage of theory and experiment, all 
that can be done is to estimate limits for the 
possible magnitude and range of these additional 
forces. 

The Coulomb image force, whose potential is 
inversely proportional to the first power of the 
distance, represents an ion-dipole attraction. 
The possible corrections would involve quadru- 
pole and second order dipole effects, etc., so 
that their potential ought to decrease at least 
as the third power of the distance. Repulsive 
forces of this type would practically exclude all 
ions within their effective range, which is then 
the only important measure of the forces. A 
comparison between Figs. 2 and 3 shows im- 
mediately the effect to be expected from forces 
at a given range. 

Thus interpreted, the available data on the 
surface tensions of uni-univalent electrolytes 
indicate that Coulomb’s law is valid for distances 
greater than a molecular diameter (3X 10-8 cm) 
from the surface. 





On the Theory of Flame Propagation! 


BERNARD LEWIS? AND GUENTHER VON ELBE,’ U. S. Bureau of Mines and University of Virginia 
(Received May 28, 1934) 


A new theory of flame propagation in slow inflammation 
is proposed which considers that the highly energized 
atoms or radicals formed in the flame front play a more 
important réle than heat conductivity in bringing the 
unburned gas to the reacting state. A small number of 
atoms or radicals diffuse over into the unburned phase, 
there initiating the chemical reaction. This and other 
considerations allow one to propose that the sum of 
thermal and chemical energy per unit mass of gas in all 
layers from the burned phase to the unburned phase is 
constant. The fundamental equation for the velocity V of 
the flame is derived simply from the fact that the number 
of molecules of combustible gas entering the reaction zone 
(flame front) in unit time equals the number reacting in 
the zone in the same time. If the flame front extends from 
xu to xb and the unburned gas enters it at a rate just 
sufficient to maintain the flame front stationary, then for 
1 em? cross section the equation reads: 


T aNedx 
VNAw) = -—— 
- Ios at dT 


where V is the flame speed which is identical with the 
volume of unburned gaseous mixture (under initial con- 
ditions) entering the reaction zone per sec.; N.,) is the 
concentration of combustible gas in molecules/cc in the 


unburned phase; and 7+ and Tu are temperatures of the 
completely burned and unburned gases at xb and xu, 
respectively. This equation, in addition to the postulates 
that the sum of thermal and chemical energy per unit mass 
remains constant and that the rate of change of concen- 
tration of the various gas constituents in an elementary 
layer due to mass flow, diffusion and chemical reaction is 
zero, allows a solution of the problem. The theory is 
applied to explosions of mixtures of ozone gas and oxygen. 
Ozone decomposes to oxygen, with evolution of heat. 
With the help of the postulate that the total energy per 
unit mass is constant, the terms 0Nc/dt and dx/dT can be 
expressed as functions of temperature alone, and the above 
equation can be solved. In view of certain simplifications 
the calculated velocities are considered to be in satisfactory 
agreement with the experimental velocities. The theory 
furnishes knowledge of the structure of the flame front. A 
particular explosion is analyzed. The width of its flame 
front is shown to be about 107-* cm. The temperature 
distribution, the distribution of the concentrations of 
various molecular and atomic species, and the rate of 
reaction throughout the flame front are given. The authors 
add an appendix, which includes a critical analysis of the 
essential differences between the present theory and 
previous theories of other investigators. 





HERE are two general types of flame 
movement through mixtures of combus- 
tible gases. One is known as slow combustion or 
inflammation and moves with speeds of the order 
10? to 10° cm per second, while the other is the 
phenomenon of the detonation wave, which 
travels with speeds of the order 10° cm per 
second. Treatments of the latter which account 
for the high velocities are to be found in the 
hydrodynamic theory of Chapman‘ and Jouguet,® 
and the chain-reaction theory of Lewis.® 


' Published by permission of the Director, U. S. Bureau 
of Mines. (Not subject to copyright.) 

* Physical chemist, U. S. Bureau of Mines, Pittsburgh 
Experiment Station, Pittsburgh, Pa. 

* Former research associate, University of Virginia. 

‘Chapman, Phil. Mag. 47, 90 (1899). 

* Jouguet, J. de Mathématique 347 (1905); 6 (1906). 
Mécanique des Explosifs, Paris, 1917. 

° Lewis, J. Am. Chem. Soc. 52, 3120 (1930). 


The phenomenon of inflammation, with which 
the present paper is concerned, has been treated 
by several investigators’ on the assumption that 
before any reaction occurs the unburned gas 
preceding the flame front is raised to its ‘ignition 
temperature’ by heat conduction from the burn- 
ing gases. In the light of modern chemistry we 
believe this conception is inadequate, since it 
omits all consideration of the rdle played by the 
active atoms and radicals known to exist in the 
flame front. It is quite conceivable that flame 


7 Mallard and LeChatelier, Ann. de Mines 4, 274 (1883). 
(See also Mason and Wheeler, J. Chem. Soc. (London) 
111, 1044 (1917).) 

Jouguet, Compt. Rend. 156, 872 (1913); 179, 454 (1924); 
Mécanique des Explosifs, Paris, 1917. 

Jouguet and Crussard, ibid. 168, 820 (1919). 

Nusselt, Z. des Vereins Deutscher Ingenieure 59, 872 
(1915). 

Daniell, Proc. Roy. Soc. A126, 393 (1930). 
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propagation is governed by diffusion of these 
active radicals into the unburned mixture, which 
gives rise to chemical reaction there in a far more 
efficient way than would be possible purely by 
heat transfer. An enormous amount of experi- 
mentation® in reaction kinetics, especially in 
recent years, has shown that chemical reaction 
can be initiated at ordinary temperatures by 
introducing a few active radicals into a gas 
which ordinarily would require the attainment 
of higher temperatures to initiate combustion. 
The question may therefore be raised as to the 
utility of the conception of ignition temperature 
in the neighborhood of the flame front, with its 
high concentration of active radicals. 

By the earlier heat-conductivity theory, ther- 
mal energy is conducted into the layer of 
unburned gas which already contains its original 
thermal plus chemical energy per unit mass. 
This introduces an energy “hump” into the 
unburned phase adjacent to the flame front. 

The theory of flame propagation outlined in 
this paper allows one to conceive that reaction 
is initiated in the unburned phase by a rela- 
tively small number of active atoms or radi- 
cals and that the reaction is initiated faster 
than could be accomplished by heat transfer 
in a similar period of time. In this way, the 
energy “hump” reduces to a minimum and 
tends to disappear. This leads us to the working 
hypothesis of the present theory, namely, that 
the sum of thermal and chemical energy per 
unit mass in any elementary layer between the 
unburned and the burned phases remains sensibly 
constant. This is a very useful relationship. 
Since the thermal energy per unit mass in any 
elementary layer is determined by the existing 
temperature, the corresponding available chemi- 
cal energy per unit mass in the same layer is 
fixed and may also be expressed as a function of 
thermal data alone. Since the chemical energy 
depends upon the concentration of the reactive 
gases the concentration distribution throughout 
the reaction zone is determined by the tempera- 
ture gradient d7/dx. The latter, therefore, re- 


8 For example, the phenomenon of photo-explosions at 
ordinary or slightly elevated temperatures and the effect 
of the introduction of atoms and other reactive species 
into combustible mixtures. 
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mains the only independent variable aiong the 
x axis. 


DEVELOPMENT OF EQUATIONS AND APPLICATION 
TO EXPLOSIONS IN GASEOUS OZONE- 
OxYGEN MIXTURES 


We have developed equations which conform 
to the conception outlined above and have 
applied them to the calculation of flame speeds 
in mixtures of ozone and oxygen for which 
experimental data are available.® 

Mixtures of gaseous ozone with inert gases 
explode when ignited. The resulting flame travels 
with a definite speed, depending upon the con- 
ditions of composition, temperature, and pres- 
sure. Such explosions are especially suitable for 
testing the theory because the net chemical 
reaction involved is of the simplest type possible 
in nature, namely, 


O;3(gas) = 1302+34,220 calories. 


One has no direct knowledge of the inter- 
mediate chain mechanism of the reaction. How- 
ever, the possibilities are very few, and there is 
rather general agreement among recent investi- 
gators that the chief reactions involved are 


(a) Os=O02+0, 


The relation for the velocity of the flame is 
derived simply from the fact that the number of 
molecules of ozone gas entering the reaction 
zone per unit time equals the number of mole- 
cules of ozone reacting in unit time in this zone. 
The width of the zone extends from xz to xb. 
The unburned gas enters the zone at the point xu 
(this direction being positive) with such velocity 
that the flame front remains stationary. Con- 
sider a cross section of 1 ¢m?; then, since 10; 
gives rise to 1.502, 


> {| ONO2 
VNox(u)= [i —( ) dx, (1a) 
ow 1.5\ dO Je 


where V is the flame speed sought, which is 
identical with the volume of unburned gaseous 
mixture (under initial conditions) entering the 
reaction zone per sec. at point xu. 

No;(u) is the initial ozone concentration, in 


® Lewis and von Elbe, J. Chem. Phys. 2, 283 (1934). 
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molecules per cc, at the temperature Tu and 
pressure of the unburned gas. 

(ANO2/dt), is the rate of formation of oxygen 
in molecules per cc per sec. 

The integral is taken over all elementary 
volumes dx. 

In general, subscripts « and b denote unburned 
and burned states, respectively. 

Since the temperature rises from Tu at xu to 
the final temperature 7) at xb Eq. (1a) may 
be rewritten : 


T 1 sdNO2\ d 
VNoww)=f —( =) az? - T. (1) 


Obviously, (9NO2/dt), and dx/dT are functions 
of the concentrations of O2, O and O3, and now 
the task is to express both these terms as 
functions of temperature alone. 

To maintain a steady state, the rate of change 
of concentration of each component in an ele- 
mentary layer at any point x must be zero. The 
concentration of each component is determined 
by the mass flow, diffusion and chemical reaction 
in the elementary layer. In the following, the 
indices V, D and c denote mass flow, diffusion, 
and chemical reaction, respectively, of the three 
components Oz, O and Q3. 

The following three equations may therefore 
be written: 


dNO0>2 dNO>2 dNO>2 

vo sh 63 ee 
dNo dNo dNo 
(Tt) AG)= © 
0No3 dNo;3 ONO; 

(=F) GAG) © 
dt Jy at Jp Ot Je 


The first terms of Eqs. (2), (3) and (4) are 
functions of concentration and Vx, where Vx is 
a volume of gas pushed through the layer at x 
in unit time by mass flow in the direction of the 
burned phase. Obviously, for xu, Vx becomes V 
in Eq. (1). The second terms in Eqs. (2), (3) and 
(4) are functions of the concentration gradient 
and Dx, where Dx is the diffusion coefficient 
corresponding to the layer at x. 

Eqs. (1) to (4) contain, therefore, six variables 
dx/dT, Vx, Dx, NOoz, No3, and No. To express 
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Eq. (1) as a function of temperature alone, two 
more equations are required. 
The fifth equation is given by the gas law: 


No2+ No3+ No= No2(b)Tb/T (5) 


where No2(b) is the number of oxygen molecules 
in 1 cc at the end of the reaction zone, namely, 
where 7= Tb. Thermal dissociation of oxygen in 
the completely burned gas is neglected, and 
therefore the burned phase consists of oxygen 
molecules only. 

The sixth equation is derived from the funda- 
mental hypothesis that the total thermal and 
chemical energy per unit mass in any elementary 
layer is constant. (See Appendix for further 
discussion.) It follows that the chemical energy 
still available in any layer at temperature T 
would be just sufficient, if released, to raise the 
temperature of the gases in the layer from T to 
Tb. Thus, 


E03rNo03;+E0rNo 
= (No2+1.5N03+0.5No)Cpr7™(Tb—T) (6) 


where Cpr™ is the mean molar heat capacity of 
Oz at constant pressure between the tempera- 
tures indicated; E037 is the heat of decomposi- 
tion of 1 mol of ozone at the temperature 7, 
and Eor is the heat of recombination of 1 mol 
of oxygen atoms at the temperature T. 

We shall not attempt an exact solution of the 
above six equations. In the first place, we have 
no knowledge of the problem of diffusion of three 
gases into each other; and, in the second place, 
information regarding the rate of reversible 
reaction (a) is not available. We propose to 
approximate the entire solution by introducing 
certain simplifications. In the diffusion term of 
Eq. (2) we shall employ the following equation 
for the diffusion coefficient D 


D=202d02/3, (7) 


where 202 is the average velocity of the oxygen 
molecules at temperature 7, and XO is the 
mean free path in a gas consisting of oxygen 
molecules. We believe this approximation intro- 
duces only secondary changes in the final result. 

Furthermore, the third terms in Eqs. (2), (3) 
and (4) and also the term (@No02/dt), in Eq. (1) 
are really each composed of three parts. The 
first and second parts represent the rates of the 
reversible reaction (a) and the third part the 
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rate of the reaction (b). As mentioned above, 
no kinetic data are available for the first two 
parts, while the third part can be evaluated 
easily from the collision frequency and the heat 
of activation. To dissolve this difficulty, we shall 
assume that the equilibrium represented by Eq. 
(a) exists throughout the reaction zone. It is 
realized that this condition is not fulfilled at 
lower temperatures near the unburned side of 
the flame front, but as the temperature increases 
toward the burned side it approximates actual 
conditions more and more. The assumption 
becomes more nearly true for the higher temper- 
ature explosions. This approximation, which will 
tend to increase the calculated flame speeds, 
introduces perhaps the most serious error into 
the calculations and will receive further discus- 
sion later. 

By introducing Eq. (7) for the diffusion 
coefficient and the condition of equilibrium, 
namely, 

Kc= NON02/ Nos, (8) 


one may dispense with Eqs. (3) and (4). Kc is the 
equilibrium constant when the concentrations 
are measured in molecules per cc. 

Using Tolman’s!® numerical factor for 202 and 
placing ¢o,= 3 X10-* cm, one obtains 


14,5007%(1/Moz2)! 0.707 


- » (9) 
3m X (3X 10-8)? X Noo(b) T/T 





NO2(b) = 2.71 X 10'9(273/T)(P/760), 
where P is the total pressure in mm Hg. 
NO2(b)Tb/T= 2.71 X 10'9(273/T) (P/760) 


and 


(10) 


(11) 


2.21027! 
po. 
P 


(12) 


Kc is evaluated as follows: 


Kp= = 


pO3 


(13) 


where pO, p02, and po; are the partial pressures 
of the constituent gases. 
Since 


10 Tolman, Statistical Mechanics, p. 63, Eq. (95), 1927. 
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PNo 
IE eerrrerens 
No2(b)Tb/T 


PNo2 
PS Nout) TOT 
PNo; 
Poa Nou) T/T 


Kce= (Kp/P)No2(b)Tb/T. 
Furthermore, log Kp obeys the equation 
log Kp= —AHr7/4.573T+constant, (16) 


where A//7 is the heat of the reaction O+O2=0; 
at temperature T and constant pressure and has 
a mean numerical value of 24,400 calories. From 
the data of Kassel," the constant is 9.48 if P is 
measured in mm Hg. 

Therefore 


(14) 


(15) 


No2(b) Td 
—e—12,300/ a 


Kc= 3.03 X 10° (17) 
Eqs. (5), (6) and (8) may be used to express 
the concentrations of O, Oz, and O; as functions 


of temperature. 
From Eq. (5) 


(18) 


Tb 
salina inten 


The calculations will be simplified enormously 
by making 
No2= No2(b) T/T. (19) 
This approximation can be made without serious 
error, especially at intermediate and _ higher 
temperatures, because the concentrations of O; 
and O, which are required to fulfill Eq. (6), 
become very small. It should be mentioned also 
in this connection that the experiments with 
which the calculated flame speeds will be com- 
pared were made with mixtures especially rich 
in oxygen. 
By combining Eqs. (6) and (8) and using the 
simplified symbol Cp for Cpr”, 


No2+1.5No3;+0.5No 


03> (20) 
(Kc/ Noe) Eor+Eosr 


Cp(Tb—T), 





which from Eq. (19) resolves to 
No2(b)(Tb/T) Cp(Tb—T) 


03> a (21) 
KcEor/No2(b)(Tb/T) +E0sr 





1 Kassel, J. Chem. Phys. 1, 414 (1933). 








14) 


16) 


has 
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By combining Eq. (21) with (8) and (19) 


KcCp(Tb—T) 
KcE07/No2(b) (Tb/T) +E0sr 





EVALUATION OF dx/dT 


dx/dT will be evaluated by a consideration 
and development of Eq. (2), which may be 
written : 





0 0 d0NOz 
——(Noe V.)dx+—{ ax 
Ox Ox Ox 


dNO>e 
+ (—) dx=0, (23) 
ot ‘ 


where dx is the thickness of the elementary 
layer of 1 Cm? cross section. 

Since the mixture becomes richer in oxygen 
molecules in the direction unburned phase to 
burned phase, more oxygen molecules are pushed 
out of the layer than are pushed in by mass 
flow. The first term is therefore negative. Since 
chemical reaction leads to formation of oxygen 
molecules the third term is positive. Since the 
Oz concentration decreases with increasing tem- 
perature (Eq. 19) and the positive direction of 
the x-axis is the direction of increasing tempera- 
ture, the sign of the diffusion term is positive. 

Then 


Vz — Noz +—{ D 


Ox Ox Ox 
+(— 7 =0. (24) 


If we let w= 07/dx this may be written as, 








ONOe OV, =( -~) 








0NO2 0 ce 
-—wV, —wN02 
oT 
0 O0NO0>e ONO>e 
+w—(up—) + (—-) =0. (25) 
oT oT ot J. 


Using Eq. (19) and substituting 9N02/dT and 
Nog in Eq. (26) and dividing by No2(b)Tb we 
obtain 
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wV, w dV, —) 
a7 s& aT eT 


ONO02 
+ —(“— ) =o (26) 
No2(b)Tb 


Volumes Vx contain equal masses and there- 
fore, strictly speaking, 
VT 1+0.5a+m 


V,=— —-_—__, (27) 
Tu 1+m 





where m is the ratio mols O2/mols O; in the 
original mixture and 0=a=1. However, in line 
with the approximation made in Eq. (19), it is 
essentially correct, especially for intermediate 
and higher temperatures, to write 


V,Sconst. XT. (28) 
Eq. (26) becomes, 


0 Dw ONO>e 
a 
aT\ T?]  Noo(v)Tb 


As will be shown later, (@N02/dt). can be 
expressed as a function of temperature. Placing 


1 ONO. r), 
No2(b) = ). =I 











wD 0a -(=)+ 


)+o —{(T)=0. (30) 
T? dAT\ T? 


Let wD/T?=y. Then, 


oy 1 dy? —ae 
o +s T)= rel )=0. (31) 


To integrate Eq. (31) it becomes necessary to 
introduce a limiting condition. We shall choose 

=0 when T= Tx, an assumption which implies 
that there is no temperature discontinuity be- 
tween the unburned phase and the reaction zone. 
Considering the mode of activation of the 
unburned gas this probably is not far from the 
truth. (See Appendix.) Then 


’D 


Dw? 
2 =2f —f(T)dT. (32) 
tu 1? 


u 


‘2 
I 


From Eq. (1) 
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7 1 /9NO2 Eq. (38) become 
VNo,(u) = f —( ) dx a. (38) ‘ 
~ isi @ fF, 1.41(1+m)Tu s 7™D saNoz 
V= ( f —(-— ) ar). (40) 
1 ot dx 1.5(NOo(b) Tb)! \o 7, 
=—Nox(s)To J (fT) —dT 
1.5 vs dT (8NoO2/dt), is evaluated as follows. As men- 
- tioned above, only reaction (b) will be considered 
1 f(T)aT because of the assumption of equilibrium by 
=—No.(s)Ts . (33) r Paige ee a 
1.5 dru w reaction (a). The rate of reaction (b) is deter- 
Then mined by the collision frequency between oxygen 
atoms and ozone molecules and by the proba- 
1.5V.No3(u) 7 f(T)dT bility that reaction will take place on collision. 
merce - (34) The number of collisions per sec. per cc between 
No2(b)Tb Tu ba O and QO; is given by the expression.” 
D Mo+Mo;\! 
—f(T)dT Z=2NoN0x(00,0))\(2#RT——_—*) , (41) 
g fig (35) MoMo; 
Tu * > i ‘ where R is the gas constant, and Mo and Mo; 
(2 [ Ww (T)dT ) are the molecular weights of the oxygen atom 
- and the ozone molecule, respectively. 
* D> 4) 7% The probability that reaction (b) takes place, 
- (2f ur) ‘ (36) or the ratio of the number of successful collisions 
Ts 





to the total number of collisions is given by the 


expression ke~¥/®", where E is the energy of 


_ v2 ‘Syyer) (37) activation. In the simpler bimolecular reactions 
Pe. k is of the order unity. An accurate value of E 
is not known, but the best available value™ 
rf D saNoz seems to be about 6000 calories per mol. 
=(— )a r) . (38) Every successful collision produces 2 molecules 
Tu of oxygen, and therefore 








wa 2(— 
No2(b) ad 
Since (8NO2/dt)-= 2Ze—#/"7, (42) 
Introducing the expressions for No; and No 
No2(b) Td of Eqs. (21) and (22) in the expression for Z, 
1 Ta (39) and substituting Eq. (42) and D of Eq. (12) in 
iden Eq. (40), one obtains: 





No;(u) = 





1.41(14+m)Tu 
~ 1.5(Noo()T)} 


™23.3x%e* 4Kce(Cp)?(Tb—T)*Noo(b)Tb Mo+M 
xX (f 4 e~ 6000/FP” (G0, 03)? | 2a R————d ar) (43) 
Tu PT (KcE07/No02(b)(Tb/T) + E037)? MoMo; 











With the following numerical values Eor=58,000 calories/mol; Eo37= 34,000 calories/mol ; 
Mo= 16; Mo3=48; ¢0,0,=3X10-* cm; and substituting the value of Ke in Eq. (17) and com- 
bining the numerical factors one obtains: 


Tb [(Tb/T) -- 1]2e-15.300/7 
u (1.76 X 10'4e71? 30/7 + 3.4 x 104P)? 





4 
V=1.05 X 10°Cp(1+m) TaP( f ir) , cm/sec., (44) 
T 


8 O, R. Wulf, J. Am. Chem. Soc. 54, 156 (1932); H. J. 
12 Tolman, Statistical Mechanics, p. 242, 1927. Schumacher, ibid. 52, 2377 (1930). 
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w may be determined from Eq. (32). 


D*w* 2 TD sdaNoz 
‘eoalash* 
T* NO2(b) Tbd 7, T? ot c 











= 2.48 x 10'*(Cp)?P f 





w=7.17X iorcpP iT f 
T 


(45) 
T ((Tb/T) _ 1]%e—15.200/7 
(46) 
ru (1.76 X 10'e—!? 30/7 + 3.4 x 10*P)? 
- [(Tb/T) a 1]2e—15.300/ eS } 
: ir) deg./cm. (47) 
u (1.76 X 10'4e—!? 300/74 3.4 104P)? 


The reaction rate is determined from Eq. (42) by using the numerical factors of the above equa- 





tions. 
dNO2 [(Tb/T) —1]%e-15.3007 
(— = 5.52 x 10°°(Cp)?P*T! molecules O2/sec. cc. (48) 
ot J. (1.76 X 10'4e-12.300/7 4. 3.4 « 104P)? 


Numerical values of speeds of flames were 
determined for specific explosions by graphical 
integration. The calculation has been carried out 
for several experiments, and the results are given 
in Table I. 


TABLE I, 











V, V, 
Experi- P, Tu, To, cm/sec. cm/sec. 
ment mmHg °K °K m exptl. _—cale. 
3.13 624 300 1239 3.054 55 253 
3.13 2560 427 1343 3.054 158 451 
3.32 495 302 1922 1.016 160 333 
3.32 3760 468 2044 1.016 747 664 








It will be recalled that certain approximations 
and assumptions had to be made, either because 
of insufficient available knowledge of the details 
of the reaction or because of mathematical com- 
plexities. The assumption that reaction (a) 
reaches equilibrium results in calculated values 
which are too large. In reality, equilibrium is 
not approached, except perhaps at high temper- 
atures. The oxygen atoms which diffuse over 
into the colder side of the reaction zone do not 
disappear there as fast as they would if equi- 
librium were established. The reaction, therefore, 
actually goes slower than the assumption of 
equilibrium would predict. This effect would be 
more pronounced for lower than for higher 
initial temperatures. For this reason, one should 
expect a gradual improvement in the differences 
between the observed and calculated speeds as 
the temperature increases. It is noteworthy that 





in the higher temperature region where, because 
of approximations, the theory is expected to 
apply best in this particular reaction, the ob- 
served and calculated speeds do approach one 
another. 

We wish to emphasize that, although the 
theory proposed may be essentially correct, its 
universal application, even in the seemingly 
simple present case, is hampered by lack of 
quantitative knowledge of the reactions involved. 


STRUCTURE OF FLAME FRONT 


The structure of the reaction zone has been 
worked out for experiment 3.32 and is presented 
in Fig. 1. It contains the temperature, the 
concentrations of oxygen atoms and ozone mole- 
cules, and the rate of chemical reaction plotted 
against the distance from the TJ» side of the 
reaction zone. Toward the unburned side the 
temperature drops very slowly to Tu because 
the atom concentration and therefore the rate 
of reaction is too small on account of the necessity 
for neglecting the atom diffusion. Therefore it is 
practical to measure distances from the T» side 
and to extend the curve toward the 7u side 
only to the point at which the reaction becomes 
very small. The width of the reaction zone for 
this explosion is of the order 10-* cm. 

The curve 7 versus x is obtained by first 
integrating Eq. (47) graphically, plotting 
1/w=dx/dT against T and again integrating 
graphically. 
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RATE OF REACTION 
TOTAL OZONE BURNED PER SEC. PER CM? 


THICKNESS OF FLAME FRONT IN CM X 1074 


Fic. 1. Structure of flame front: showing temperature 
gradient, distribution of ozone and oxygen atoms and the 
reaction rate throughout the flame front. Experiment 
3:32—pressure = 3760 mm Hg, 7u=468°K, Ts=2044°K, 
m= 1.016. 


Instead of plotting (8NO02/dt), versus x, we plot 
the expression (1/1.5)(@N02/dt).(1/VNo3(u)), 
which is proportional to it. The total area under 
this curve is unity. Any fraction of this area 
represents the percentage reaction occurring up 


to point x. At the same time, the curve provides 
a measure of the rate of reaction at any point, x. 
The equations for No; and No are 


1.215 10?"{(Tb/T) —1] 
~ 1.76 10Me2.90T 4.1.28 108" 
9.78 X 108e-12:800/7[ (T/T) — 1] 
~ 1.76 10%e-12.800/7 41,98 108 








(50) 


Incidentally it should be remarked that the 
three-body collision reaction O+O0O+0O2= 20. 
which has not been mentioned, is negligible com- 
pared with the reaction O+O3= 20:2 except in 
the last portions of the reaction zone. Here, 
however, its contribution to the speed is in- 
appreciable because most of the reaction is 
complete. 

The slower temperature rise in the first part 
of the zone compared with the more rapid rise in 
the last part is due to the preponderance in the 
first part of the endothermic reaction O;=0O2+O 
and the preponderance in the last part of the 
highly exothermic atom recombination. 
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APPENDIX 


The authors feel that the present paper would 
be incomplete without a critical analysis of the 
essential differences between the theory herein 
proposed and previous theories. 

To begin with it is to be noted that the 
theories of Jouguet, Nusselt, and Daniell’ are 
fundamentally identical. In the first place, a 
relationship is introduced explicitly or implicitly 
which is essentially identical with our Eq. (1). 
Secondly, since the reaction zone is assumed to 
be stationary, a relationship is used which states 
that the rate of change of heat energy in an 
elementary layer dx due to conduction, mass 
flow, and chemical reaction equals zero. This 
equation may be written in the following way, 
if cooling losses are neglected : 


dH 
i - ont (— -) = 0, 
dx? chem. 


where k is the coefficient of heat conductivity, 

m is the mass passing unit area in the time 
element di, 

c is the specific heat per unit mass, 

(dH/dt) chem. represents the rate of liberation of 
thermal energy due to chemical reaction within 
the elementary layer dx. 

Both relationships allow complete solution of 
the problem, provided an assumption is made 
regarding the progress of the chemical reaction 
along the x axis, that is, the percentage of the 
original chemical energy which has been spent 
up to the point x. Daniell leaves the latter in a 
general term, dn/du, in his fundamental equa- 
tion’ and he shows that by introducing any 
desirable assumption regarding the progress of 
the reaction, a solution may be obtained. His 
equation, moreover, contains another general 
term, \, which by his equations (6) and (9) is 4 


4 Reference 7, Eq. (15), page 398. 
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function of the reaction rate in the usual purely 
kinetic sense. Nusselt, studying flame propaga- 
tion in hydrogen-air mixtures, arbitrarily as- 
sumes that equal amounts of heat energy are 
released in unit lengths of the x axis. Further- 
more, he assumes a kinetic reaction-rate equation 
which we now know to be erroneous. By intro- 
ducing an empirical constant, qualitative agree- 
ment is found with experiment, but this may not 
be accepted as proof for the validity of the under- 
lying conceptions. Jouguet obtains the same 
fundamental formula™ as Daniell, but it already 
includes specific assumptions regarding both the 
progress of the reaction along the x axis and the 
kinetic rate of chemical reaction. These assump- 
tions are embodied in the formulae (written in 
Jouguet’s symbols) 


da/dt=uda/dx, 
da/dt=f(T, a), 


where u is the mass velocity at the point x, a is 
the fraction of chemical energy which is spent 
up to the point x, f(7, a) is the rate of chemical 
reaction in the kinetic sense. 

Both the latter equations, taken together, 
mean that during the time element di an ele- 
mentary mass of gas moves a distance dx and an 
amount of chemical energy corresponding to da 
is lost by chemical reaction. It should be noted 
that in Jouguet’s (also Daniell’s) conception no 
allowance is made for the possible flow of 
chemical energy by diffusion. The underlying 
physical picture of their conception, therefore, 
would seem to be that of an elementary mass of 
gas moving along the x axis, through which the 
process of heat conduction may take place, but 
not intermixing by diffusion with neighboring 
mass elements. Both equations allow a solution 
for da/dx (the latter is identical with Daniell’s 
dn/du) in terms of reaction rate and mass 
velocity. 

In our treatment, aside from dismissing the 
concept of ignition temperature, for reaction 
may be initiated by active radicals at practically 
initial temperature, we postulate that the rate 
of change of concentration of the various gas 
constituents in an elementary layer, due to mass 


® Jouguet, Compt. Rend. 179 (1924), Eq. 4, page 456. 
Priority belongs to Jouguet. 
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flow, diffusion, and chemical reaction, is zero. 
The problem of the progress of the reaction 
along the x axis is solved by introducing a new 
working hypothesis, namely, the energy relation- 
ship expressed in Eq. (6), which states that 
the total energy, thermal plus chemical, per unit 
mass in any elementary layer along the x axis is 
constant. We believe that this hypothesis, while 
speculative in character, is more defensible than 
either of those of Jouguet or Nusselt. 

The assumption that flame propagation is 
determined by heat conductivity and ignition 
temperature involves the establishment of an 
energy “hump” in the unburned phase adjacent 
to the flame front. This must be so, since 
thermal energy is conducted into the layer of 
unburned gas which already contains its original 
thermal plus chemical energy per unit mass. 
Thus, while the sum of thermal and chemical 
energy per unit mass in an incompletely burned 
layer may exceed the total thermal energy per 
unit mass in the completely burned gas it cannot 
fall below the value for the completely burned 
gas if the flame front is to be stable. This can 
be understood from the following consideration. 
Suppose a layer in the flame front which is not 
yet completely burned (near the burned side of 
the flame front) contains such an amount of 
energy that the residual chemical energy is 
insufficient to raise the mass of gas to the final 
temperature of the completely burned gas. Then 
energy must flow into this layer if it is to reach 
the final temperature. In view of the rising 
temperature gradient from the unburned to the 
burned phase, thermal energy can flow into it 
only from the direction of completely burned gas. 
Since the chemical energy of the latter is spent, 
such a process would result in a decrease of its 
own temperature; that is, an energy ‘‘valley”’ of 
this sort would correspond to an unstable state 
in the flame front. It follows that the energy 
per unit mass of the completely burned phase 
represents the minimum total energy, chemical 
and thermal, which may be possessed by any 
unit mass of gas in the reaction zone. 

Eq. (6) is therefore the lower limit of the 
general relationship 


E037No03;+E£07No 
=(Noe+1.5N03+0.5No)Cpr7™(Tb—T) 
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and therefore possesses definite physical signifi- 
cance. As a matter of fact, we may conceive of 
Eq. (6) representing rather closely the true 
conditions, as outlined early in this paper. Eq. 
(6), with the condition that the rate of change of 
concentrations in an elementary layer is zero, 
automatically takes care of the requirement that 
the rate of change of heat energy shall also be 
zero. The equations, however, go further in that 
they also impose conditions as to the flow of 
chemical energy among the different layers 
which, as pointed out, the other theories neglect. 

In common with other authors our differential 
equation is solved by imposing a condition 
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regarding the temperature gradient. The type 
of our equation is such that its solution is 
imaginary if one assumes that the temperature 
gradient disappears at point x, where the gas is 
completely burned. The solution is obtained by 
making the temperature gradient disappear 
toward the unburned side. We believe that this 
is in harmony with the physical picture of the 
theory. In their equations, Jouguet and Nusselt 
impose the condition that the temperature 
gradient disappears toward the burned side, 
although for mathematical purposes the same 
condition may be employed for the unburned 
side. The latter was utilized by Daniell. 





The Electric Moments of Fatty Acids 


C. J. Witson AND H. H. WENZKE, Department of Chemistry, University of Notre Dame 
(Received May 23, 1934) 


A number of investigators have reported 
moments of fatty acids from dielectric 
constant and density measurements made upon 
the solutions of these substances in benzene. As 
is well known, fatty acids exist as double mole- 
cules when dissolved in hydrocarbons and conse- 
quently these reported moments have no signifi- 
cance as applied to the single molecules. No 
detailed reference .to this work need be given. 
From measurements made upon the gaseous 
substances Zahn! reported moments of 1.51—, 
1.73— and 1.74X10-' c.g.s.e.s.u. for the simple 
molecules of formic, acetic and propionic acids, 
respectively. At the temperatures of measure- 
ment the formic acid existed as a mixture of 
single and double molecules. From a knowledge 
of the density of the gas the fraction of the 
molecules in the associated state was calculated 
and the moments of both the single and double 
molecules were reported. The latter was given to 
be 0.99 D. The moments of acetic and propionic 
acids were obtained from measurements made at 
temperatures sufficiently high that dissociation 
of the double molecules into single molecules was 
sufficiently complete. 

Oxygenated solvents have the property of 
dissociating the double fatty acid molecules into 


1C. T. Zahn, Phys. Rev. 37, 1516 (1931). 


single ones. Nearly all of the common oxygenated 
solvents are polar and therefore not suited as 
media for measuring the moments of polar 
solutes. Recently dioxane 








has been used in the determination of electric 
moments. It is non-polar and miscible with the 
lower acids and dissolves sufficient amounts of 
the higher members. The authors measured the 
moments of formic, acetic and propionic acids in 
dioxane for the sake of making comparisons with 
the values obtained for the gaseous substances. 
In order to determine the effect of greatly 
increasing the length of the hydrocarbon chain 
data are also given for stearic acid in Table I. 

The polarizations at infinite dilution were 
calculated by the method of Hedestrand.’ In 
Table II are listed the values of the polarization 
at infinite dilution, the molecular refraction for 
the sodium line and the electric moment. 

The moments of acetic and propionic acids as 


2 Hedestrand, Zeits. f. physik. Chemie B2, 428 (1929). 





ELECTRIC MOMENTS OF FATTY ACIDS 


TABLE I, Dielectric constants and densities of solutions of 
fatty acids in dioxane. 
(Temp. 25°C.) 








C2 € 





Formic acid 
2.2357 
2.3409 
2.3968 
2.4503 


0.000000 
.017432 
.026661 
.036226 


1.02771 
1.02892 
1.02969 
1.03014 


Acetic acid 
2.2357 
2.3258 
2.3443 
2.3740 


0.000000 
021864 
.026648 
.034211 


1.02771 
1.02817 
1.02839 
1.02847 


Propionic acid 
0.000000 2.2357 
028550 2.3534 
031317 2.3649 
036956 2.3898 


1.02771 


1.02715 
1.02706 


Stearic acid 
2.2357 
2.2713 
2.2927 
2.3005 


0.000000 
.009281 
014773 
017352 


1.02771 
1.02203 
1.01843 
1.01699 








determined in dioxane are practically identical 
with those reported for the gaseous state. It will 
also be noted that lengthening the hydrocarbon 
chain has no effect on the moment of the fatty 


acid, the moment of stearic acid being identical 
with that of acetic acid. There is a considerable 
discrepancy between the values of the moment of 
formic acid obtained from measurements in 
dioxane and that calculated for the single 
molecules in the gaseous state. In order to check 


1.02714. 
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TABLE II. Polarizations and moments of fatty acids. 








Fatty 


acid i MRp 





8.56 
13.00 
17.50 
86.89 


90.52 
75.91 
80.78 
149.90 


Formic 
Acetic 
Propionic 
Stearic 








the work a second lot of C.P. formic acid was 
purchased and, as was done for acetic and 
propionic acids, purified by fractional crystal- 
lization followed by distilling through an efficient 
column. The two samples of formic acid gave the 
same moment. 

Apparently the replacement of hydrogen of 
formic acid by an alkyl group results in a 
considerable reduction of the moment. The steric 
effects and the inductive effects resulting from 
such a substitution are too complicated to be 
handled quantitatively at the present state of our 
knowledge. 

The ionization constants at 25° of formic, 
acetic and propionic acids are 2.1(10~*), 1.8(10~) 
and 1.4(10-*), respectively. Apparently the higher 
electric moment of formic acid is related to its 
higher ionization constant. It is possible that the 
O-—H linkage is more polar in formic acid than it 
is in the higher fatty acids and this is suggested as 
a partial explanation of the considerable differ- 
ence in moment of the first and later members of 
the series. 





AUGUST, 1934 


This section will accept reports of new work, provided these 
are terse and contain few figures, and especially few halftone 
cuts. The Editorial Board will not hold itself responsible for 
opinions expressed by the correspondents. Contributions to 
this section must reach the office of the Managing Editor 


The Exchange Reaction of Hydrogen and Deuterium Oxide 


In the previous communication,' there is a typographica 
error in the expression for the distribution function (f 4,0) 
for water. This expression should be multiplied by the 
statistical weight factor of 4. An additional error was 
called to our attention by Professor Urey through a 
private communication from Professor Bonhoeffer. The 
new calculated values for the equilibrium constant are in 
Table I. The agreement with the experiments at 525°C is 
good. 


TABLE I. Equilibrium constants for the reaction, HDO +H2=>H:20 +HD. 








‘i 300 400 500 600 700 800 
k 0.35 0.51 0.60 0.68 0.74 0.79 


900 
0.83 








R. H. Crist 
G. A. DALIN 
Department of Chemistry, 
Columbia University, 
July 12, 1934. 


1R. H. Crist, and G. A. Dalin, J. Chem. Phys. 2, 442 (1934). 


Is Water Isotopically Fractionated on Partial Condensa- 
tion of Its Vapor? A Correction to My Paper on “The 
Natural Separation of Isotopes, etc.” 


Recently! I published an account of some experiments 
showing that the density of water obtained in the combus- 
tion of benzene, kerosene and honey is greater than that of 
ordinary water to the extent of several parts per million and 
concluded from these results that a natural separation of 
the isotopes of hydrogen had occurred. These results were 
of the same order of magnitude as the data published by 
Washburn and Smith on water obtained in the combustion 
of the combined hydrogen in a young willow tree,? but they 
did not agree with the data for water obtained by Wash- 
burn and Smith in the combustion of anthracite coal and 
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natural propane. No excess density was found in these 
latter two cases.’ Smith,‘ however, has discovered that the 
atomic weight of the tank oxygen used in the combustion 
of the willow tree was greater than that of ordinary 
oxygen; the difference being sufficient to bring the density 
of the water obtained in the combustion of the willow tree 
down to the density of the water obtained from the sap of 
the tree. 

Since I burned the benzene and kerosene in dried air, the 
uncertainty of the atomic weight of tank oxygen does not 
enter into the interpretation of the data, but I have found 
another difficulty which indicates that although my 
density data are correct, an interpretation other than that 
of a natural separation of the isotopes of hydrogen must be 
given. It occurred to me that possibly an isotopic fraction- 
ation of water takes place in the act of partially condensing 
water from a rapidly moving stream of air. In order to 
answer this question I swept a rapid stream of air by a wick 
moistened with water at 90°C in an enclosed tube. The air 
then passed through a condenser where a fraction of the 
total water content of the air was condensed on cooling to 
the neighborhood of 17°C. The density of the condensed 
water was greater than that of ordinary water to the 
extent of 3.8 p.p.m. (average of three density measure- 
ments). This increase in density, due probably to an 
isotopic fractionation of water and not to impurities, is 
nearly sufficient to account for my observed results in the 
experiments in which the water was collected in a similar 
way; that is in the benzene and kerosene experiments. It is 
impossible to state definitely that this difficulty accounts 
for the entire increase in density observed due to the 
uncertainty concerning the total volume of air swept 
through the apparatus. I have, however, burnt benzene 
vapor by sweeping a comparatively slow stream of carbon 
dioxide over benzene at 65°C into a hand torch where the 
vapors being mixed with dry electrolytic oxygen a blue 
flame was produced. The water obtained from this combus- 
tion had identically the same density as ordinary water 
(within 0.3 p.p.m.). It thus appears that there is no 
natural separation of the isotopes of hydrogen, at least in 
the case of ‘benzene. 
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I have also examined cholesterol from the spinal fluid of 
cattle and find a normal deuterium content. 
MALCOLM DOLE 
Chemistry Department, 
Northwestern University, 
Evanston, Illinois, 
July 17, 1934. 
1M. Dole, J. Chem. Phys. 2, 337 (1934). 
2E. W. Washburn and E. R. Smith, Science 79, 188 (1934); Bur. 
Standards J. Research 12, 305 (1934). 
3E. W. Washburn and E. R. Smith, Bur. Standards J. Research 12, 


304 (1934). 
4E. R. Smith, J. Chem. Phys. 2, 298 (1934); Science 79, 454 (1934). 


Thermodynamic Properties of Steam at High 
Temperatures 


In a recent paper! I computed the thermodynamic 
quantities for steam from the spectroscopic data of Mecke 
and his associates for temperatures up to 1500°K. The 
calculation was not extended above 1500° since some 
uncertainties in the data (more particularly the change in 
the rotational constants for the higher vibrational states) 
introduced for such temperatures appreciable errors in the 
calculated thermodynamic quantities. Since that time, 
however, I have received several requests for data for the 
range 1500°-3000°, and I have therefore extended the 
calculation. The results are given in Table I. 


TABLE I. 








H —Eo° 
kilocal. 


E—Eo° 


—(F° —Eo°)/T A CP 
kilocal. 


cal./deg. cal./deg. cal./deg. 





10.82 
13.17 
15.65 
18.22 
20.87 
23.58 
26.33 


13.80 
16.65 
19.62 
22.69 
25.84 
29.04 
32.30 


50.59 59.78 
52.03 61.54 
53.32 63.13 
54.49 64.58 
55.57 65.90 
56.56 67.12 
57.49 68.25 








These entries were computed by the same formulae and 
with the same spectroscopic and universal constants as 
were the numbers below 1500°. It is rather difficult to make 
estimates of the probable error; it seems likely, however, 
that even for 3000°, a free energy based on these numbers 
will be reliable to 300 cal. or so, and that (E—£,°) will 
not be in error by more than half a kilocalorie. These data 
at least possess the advantage of being numerically 
consistent with those for lower temperatures, and should 
serve for making rough estimates of equilibrium constants, 
etc., in this range. 

A. R. GoRDON 


Department of Chemistry, 
University of Toronto, 
Toronto, Canada. 
July 17, 1934. 


1A. R. Gordon, J. Chem. Phys. 2, 65 (1934). 





